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ABSTRACT
REGULATORY PROCESSES IN ULTRA SLOW GROWING MICROORGANISMS
by
MICHAEL V. ARBIGE 
U n iv e rs i ty  of New Hampshire, December, 1982
In a co n t in u o u s  f e r m e n t o r  w i t h  100? r e c y c l e ,  g row th  of  
E s c h e r i c h i a  col  I and B a c I I  I us polymyxa occurs  In  t h r e e  s h a r p ly  
d i s t i n c t  phases: an I n i t i a l  phase of  e x p o n e n t ia l  g row th  t h a t
t e r m i n a t e s  when t h e  g lu c o s e  l e v e l  In t h e  f e r m e n t o r  f a l l s  below  
t ra n s p o r t  sa tu ra t io n  leve ls ;  a second phase of l in e a r  growth whose 
r a t e  Is dependent on th e  r a t e  of glucose provis ion t o  th e  fermentor,  
but whose length i f  f ix e d  and Independent o f  growth r a t e ;  and a t h i r d  
phase of slower glucose dependent l in e a r  growth. The s p e c i f i c  growth 
r a t e  f a l l s  In phase 2 and 3 w h i l e  t h e  mass d o u b l in g  t i m e  I eng then ,  
eve n tu a l ly  reaching hundreds o f  hours .  Guanoslne 5 -d  I phosphate  3 -  
dlphosphate (ppGpp) accumulation commences a t  the  beginning of  phase 
2 In L .  col i P reaching a maximum a t  the s t a r t  of  phase 3,  concurrent  
with  the  slowing of  RNA synthesis.  This f in a l  growth stage then Is 
an I n d e f i n i t e l y  p ro longed  s t a t e  of  r e g u l a t i o n  by t h e  s t r i n g e n t  
response. The length of growth phase 2 was changed s u b s t a n t i a l l y  by
xl
mutat ions In the  re lA ,  re lX ,  and spoT l o c i ,  In ways which are  exac t ly  
p r e d i c t a b l e  f rom t h e i r  e f f e c t s  on ppGpp s y n t h e s i s ,  as phase 2 was 
longer fo r  mutants w i th  a decreased c a p a b i l i t y  for  ppGpp synthesis ,  
and s h o r t e r  f o r  m u tan ts  w i t h  a decreased  c a p a b i l i t y  f o r  ppGpp 
degradat ion.
In B. polymyxa, the  cost of the  s t r in g e n t  response In phase 3 
I s  a p p r o x i m a t e l y  9% o f  t h e  a v a i l a b l e  e n e rg y ,  w h i l e  t h e  c o s t  o f  
e x t r a c e l l u l a r  a n a b o l i t e s  ranges from 8 t o  11 % o f  t h e  a v a i l a b l e  
energy .  Both a r e  m a in te n a n c e  energy  c o s ts  by d e f i n i t i o n .  A f t e r  a 
carbon u p s h i f t  In  phase 3 ,  t h e  p o p u l a t i o n  g row th  r a t e  and ppGpp 
concentrat ion In I k  polymyxa and JL. col I proceeds t o  a level seen In 
phase 2.  F e rm en to r  I eve l  s o f  cAMP i n E. col  I r l  se a b r u p t i  y a t  each 
phase t r a n s i t i o n ,  then dec l ine  throughout the phases.
The I n d u c i b l e  DNA r e p a i r  sys tem ,  "SOS", can be a c t i v a t e d  in  
phase 3 c u l tu re s  of IL. col I . The degradation or turnover  of pro te ins  
Involved w i th  t h i s  system, Is apparent ly  very slow, I f  compared w i th  
the  r a te s  of degradat ion of  t h e  I n d u c i b l e  enzymes,  B -ga l  a c t o s l  dase 
and t r y p to p h a n a s e .  The a c t i v i t y  o f  t h i s  system In phase 3 cel  I s  is  
I n te r p r e ta b le  as s ig n i fy in g  the presence of a chromosome r e p l i c a t i n g  
fork on only 38$ of  the  popula t ion.
xl  I
LITERATURE REVIEW
M icrob ia l  Growth .and Maintenance fnangy
M ic r o o rg a n is m s ,  In  g e n e r a l ,  have an enormous growth r a t e  
p o te n t ia l .  Under Ideal c o n d i t i o n s ,  t h e  o rg a n is m ,  E s c h e r i c h i a  col  I 
can double  I t s  mass w i t h i n  t w e n t y  m in u te s .  I f  a p o p u la t i o n  o f  E. 
col I c e l l s  each weighing approximate ly  0.2 pg was t o  cont inue growing 
a t  t h i s  r a t e  f o r  as l i t t l e  as t h r e e  days, t h e  mass o f  organ ism s  
produced would  be equal  t o  abo u t  1000 t i m e s  t h e  mass o f  t h e  e a r t h .  
Microorganisms do not p e r s is t  a t  these growth ra tes  In nature,  due t o  
a v a r i e t y  of growth l i m i t i n g  condit ions ,  I .e.  n u t r i e n t  f lu c tu a t io n ,  
t e m p e r a t u r e ,  pH, t o x i c  s u b s ta n ces ,  and a w id e  a r r a y  o f  p r e d a to r s .  
The most Important  of these growth constra in ing  fa c to r s  Is the  a v a i l ­
a b i l i t y  o f  n u t r i e n t  su b s ta n ces ,  as h e te ro t ro p h Ic  organisms need t o  
process approximate ly  2 grams of  carbon su b s ta n c e s ,  ( I . e .  g lu c o s e ) ,  
t o  manufacture one gram of biomass (Tempest and N e l j s s e l ,  1981). In 
I fg h t  o f  th e s e  o b s e r v a t i o n s ,  I t  Is  not  u n re a s o n a b le  t o  e x p e c t  t h a t  
most o rgan ism s In a n a t u r a l  e n v i r o n m e n t  must cope w i t h  n u t r i e n t  
energy l i m i t a t i o n  as a common environmental occurrence, and ad just  
t h e i r  metabol ic  machinery t o  handle these growth l i m i t i n g  s i tu a t io n s .
I t  has f o r  some t i m e  been r e a l  I zed  t h a t  g r o w in g  b a c t e r i a  must
d i v i d e  t h e i r  a v a i l a b l e  m e t a b o l i c  e n e r g y  b e t w e e n  t w o  b a s i c
r e q u i r e m e n t s :  1) t h e  r e q u i r e m e n t  o f  f a b r i c a t i o n  t h a t  produce an
increase In c e l l  biomass; and 2) th e  requirement fo r  reac t ions  t h a t
may be essent ia l  f o r  the maintenance of  v i a b i l i t y  and I n t e g r i t y ,  but
- 1 -
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g e n e r a t e  no I n c r e a s e  In b iom ass.  T h is  l a t t e r  r e q u i r e m e n t  has been 
commonly r e fe r r e d  t o  as the  maintenance energy demand ( P I r t ,  1965) .
Experimental evidence f o r  th e  e x i s t e n c e  o f  m a in te n a n c e  energy  
d id  not  appear  u n t l I  c o n t ln u o u s  c u l t u r e  t e c h n iq u e s  w ere  developed  
(Herber t ,  1958). Herber t  found th rough  c h e m o s ta t  e x p e r im e n t s  t h a t  
when he ex t rapo la ted  a p lo t  of t u r b i d i t y  versus s p e c i f i c  growth r a te ,  
t h e  l i n e  d id  no t  f o l l o w  t h e  p r e d i c t e d  cu rve .  In s t e a d ,  a t  low 
s p e c i f i c  growth r a te s ,  the  c e l l  y i e l d  was less than expected from a 
t h e o r e t i c a l  c a l c u l a t i o n  o f  s p e c i f i c  g row th  r a t e  and c e l l  y i e l d .  
Thus, e v id e n c e  was p r o v id e d  f o r  t h e  concept  o f  m a in te nance  energy .  
McGrew and M a l l e t t e  (1962) v e r i f i e d  the  maintenance energy concept In 
batch c u l t u r e  by e x t r a p o la t io n  t o  z e ro  growth p lo ts  of  growth versus 
s u b s t r a t e  c o n c e n t r a t i o n .  The a u t h o r s  found a l e v e l  o f  s u b s t r a t e ,  
t h a t  when added t o  a b a c te r ia l  c u l t u r e  a t  reg u la r  In te r v a ls ,  f a i l e d  
t o  In c r e a s e  t h e  t u r b I d l t y  or  change t h e  v l a b  11 t t y  o f  t h e  c u I t u r e .  
The absence o f  change In  t h i s  b a c t e r i a l  p o p u la t i o n  I n d i c a t e d  t h a t  
exogenous energy was metabol ized w i thou t  growth su b s ta n t ia t in g  t h a t  
maintenance energy did e x i s t .
Some m a in te n a n c e  processes  p o s t u l a t e d  by S tou tham er  (1979)  
Include the  turnover  of c e l l  con st i tuen ts ,  m ain ta in ing  a pH grad ien t ,  
I o n i c  c o m p o s i t i o n ,  and t h e  p r e s e r v a t i o n  of  poo ls  of  I n t r a c e l l u l a r  
m etabo l i tes  aga ins t  concentrat ion g r a d ie n ts .  The a u t h o r  d e l i n e a t e s  
t h a t  the  amount of energy d ive r ted  t o  growth or maintenance depends 
g r e a t ly  on the  nature of the  organisms’ metabolism and on the  manner 
In which i t  Is  c u l tu re d .
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An e q u a t io n  r e l a t i n g  t h e  m o la r  g ro w th  y i e l d  and t h e  s p e c i f i c  
growth r a te  has been presented by P l r t  (1965 ) :
1 _  mc  +  1
Y '  V Ymax <” !
where Y I s  t h e  m o la r  g row th  y i e l d ,  expressed  In  g dry ce l  I mass per
mol energy substra te  d lss lm l  l a te d ;  u I s  t h e  s p e c i f i c  g row th  r a t e ,
expressed In Increments In dry c e l l  mass per Increment In t im e  per g
dry c e l l  mass; mc Is the slope when equation (1) Is  p lo t te d  w ith  the
dimensions mol energy sub s tra te  d ls s lm l la t e d  per g biomass per h; and
1/Ymax *s I n t e r c e p t  o f  s u c h  a p l o t .  The s lo p e ,  mc , I s  t h e
m a in te n an ce  c o e f f i c i e n t  and r e f e r s  t o  t h e  f r a c t i o n  o f  energy  used
which does not produce an Increase In biomass. This energy f r a c t i o n
has commonly been r e f e r r e d  t o  as the  maintenance energy demand, and
c o n t a i n s  a w id e  a r r a y  of  ATP-consumIng r e a c t i o n s  s e r v in g  many
p h y s i o l o g i c a l  r o l e s  ( S to u th a m e r ,  1979) .  A d d i t io n a l ly ,  equation (1)
assumes t h a t  the  maintenance c o e f f i c i e n t  Is  constant  a t  a l l  growth
ra tes ,  but evidence con trad ic to ry  t o  t h i s  Is  q u i t e  strong (Nel jsse l
and T e m p e s t ,  1 9 7 6 ;  D e V r i e s  e t  a l . ,  1 9 7 0 ;  S t o u t h a m e r  and
Bettenhaussen, 1975) .
A lso ,  p r e d i c t i o n s  based on P I r t ' s  a n a l y s i s  a r e  not  s a t i s f i e d  
when the organism, Escherichia col I Is grown In a fermentor  w i th  100$ 
r e c y c l e  (Chesbro e t  a l . ,  1 979;  A r b lg e  and Chesbro,  1982 ) .  In t h i s  
s y s t e m ,  when t h e  c e l l s  g l u c o s e  t r a n s p o r t  s y s te m  becomes  
u n d e r s a t u r a t e d ,  t h e  m a in te n a n c e  energy demand becomes constant  and 
Independent of the s p e c i f i c  growth r a t e ,  V , of  the  biomass, X, and
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of  t h e  g lu co s e  p r o v i s i o n  r a t e ,  GPR ( pmol g lu c o s e  per h) .  A f t e r  a 
f u r t h e r  I n t e r v a l  o f  g row th  t h a t  I s  I n v a r i a n t  In l e n g th  f o r  a g iv e n  
s t r a i n ,  the  apparent maintenance demand suddenly Increases a t  some 
s p e c i f i c  p , by an amount t h a t  Is  a f u n c t i o n  o f  GPR, and r e m a in s  
constant  a t  t h i s  new level f o r  an undetermined amount of t im e .  The 
m ain te n a n c e  energy demand th e n  I s  Independent  of  y , X, and GPR 
d u r in g  t h e  s ta g e s  o f  l i n e a r  g r o w th ,  and Is  dependent  on p o n ly  
during the  t r a n s i t i o n  of  these l in e a r  phases of growth.
Fundamentals M  ±be Recy.cl.lng Eem an iac
Chesbro e t  a l .  (1979) described th e  construc t ion  of a chemostat  
w ith  a 100J6 biomass feedback t o  study gIucose-11mI ted behavior of  
col I B. The t h e o r e t ic a l  basis  underly ing th e  apparatus, and many of  
I t s  a p p l ic a t io n s  have been ex te n s iv e ly  examined by Evans (1978) and 
E l f e r t  (1979).
The basic design of the  recy c l in g  fermentor resembles p a r t i a l l y  
w hat  P I r t  and Kurowskl  ( 1970 )  have d e s c r ib e d  as a c h e m o s ta t  w i t h  
feedback and t h e  d i a l y s i s  a p p a r a tu s  of  Schultz and Gerhardt  (1969).  
In a l l  t h e s e  s y s t e m s ,  t h e o r y  p r e d i c t s  t h a t  g r o w t h  w o u ld  
a sy m p to t ica l ly  approach an u l t im a t e  biomass which would be determined  
by both t h e  GPR and t h e  o rg a n is m s '  m a in te n a n c e  energy  r e q u i r e m e n t .  
The population should then s t a b i l i z e  a t  a po in t  where a l l  metabol ic  
energy Is used f o r  r e t e n t io n  of v i a b i l i t y ,  w i th  no energy a v a i l a b l e  
fo r  fu r th e r  biomass Increase.  This th e o r e t ic a l  "maintenance s ta te "
( f i g u r e  1) was not ex p e r im e n ta l ly  observed when E. col I was grown In 
a recy c l ing  fermentor.  The growth r a t e  never approached zero ,  as the  
c e l l s  apparent ly  always p a r t i t io n e d  some of the  Incoming energy t o  
reac t ions  t h a t  f a b r i c a t e  c e l l  biomass. Instead, growth occurred In 
t h r e e  s h a r p ly  d i s t i n c t  phases (Chesbro,  1979) ( f i g u r e  2 ) .  The  
I n i t i a l  phase was a period of  batch type growth reaching exponential  
r a te s  which te rm inated  suddenly when the glucose concentrat ion In the  
fermentor f e l l  below the  c e l l s '  t ra n s p o r t  le v e l .  The second phase 
In which the  growth r a t e  was a l in e a r  funct ion  of GPR was a period  
of  s lo w e r  bu t  b a lanced  g ro w th ,  a t  l e a s t  In r e s p e c t  t o  r a t e s  of  RNA, 
DNA, and p r o t e i n  syn th e ses .  T h i s  phase was f i x e d  a t  a s t r a i n -  
s p e c i f i c  length and was then succeeded by phase 3 In which the  growth 
r a t e  a b r u p t l y  s lo w s  t o  a f r a c t i o n  of  t h e  phase 2 r a t e .  In t h i s  
phase,  g row th  became unbalanced as t h e  r a t e  o f  RNA s y n t h e s is  was 
depressed more than t h a t  of the other  macromolecules (Evans, 1979) .
In t h i s  system, the growth r a t e ,  I .e.  the  r a t e  of  mass Increase,  
d x / d t ,  Is  c o n s t a n t  and p o s i t i v e  In phases 2 and 3 ,  whl l e  t h e  cel  I 
mass, X, In c re a s e s  c o n t i n u o u s l y .  T h e r e f o r e ,  t h e  s p e c i f i c  g row th  
r a t e ,  y , x “ 1 d x d f 1, dec reases  c o n t i n u o u s ly  w i t h i n  both phases,  
w i t h  an a b r u p t  d e c l i n e  In I t s  own r a t e  between phases 2 and 3. 
During t h i s  f in a l  per iod of growth, the  doubling t im e  can surpass the  
1000 hour range ,  which Is  c h a r a c t e r i s t i c  o f  s e n esce n t  or  q u i e s c e n t  
e u k a r y o t i c  c e l l s .  Thus,  t h e  r e c y c l i n g  f e r m e n t o r  a l l o w s  c o n c is e  
I n v e s t i g a t i o n  o f  c e l l u l a r  processes  In  c e l l s  w i t h  ve ry  long mass
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F l gure 1 :  Theore t ica l  maintenance curve.
Theoret ica l  p re d ic t io n  of growth In a population  
where a l l  metabol ic  energy Is e v e n tu a l ly  used fo r  










F l gure 2 :  Three phase growth p a t t e r n  of
Escher ich ia  col I B.
Three phase growth pa t te rn  observed by Evans
(1978) when .£*. col I B was cu l tu red  In a r e -  
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doubllng t imes occurr ing  along a protracted  g rad ien t  of cont inuously  
d e c re a s in g  s p e c i f i c  g row th  r a t e s  (Chesbro e t  a l . ,  1979;  A r b lg e  and 
Chesbro, 1982) .
I h £  B a c te r ia l  S t r in g e n t  Response
B a c t e r i a l  s t r i n g e n t  r e g u l a t i o n  Is  t h e  response o f  b a c t e r i a l  
c e l l s  t o  e i t h e r  am ino  a c i d  o r  energy s t a r v a t i o n  In  which c e l l  
biosyntheses are d i f f e r e n t i a l l y  a f f e c t e d  by t h e  s p e c ia l  n u c l e o t i d e ,  
g u a n o s t n e - 3 ' , 5 ' - d I  p h o s p h a t e  ( p p G p p ) ,  p r o d u c e d  u n d e r  t h e s e  
circumstances. I t  Is the  s i n g le  most p o w e r fu l  r e g u l a t o r y  e f f e c t o r  
known In b a c t e r i a l  ce l  I s ,  d e p re s s in g  t h e  s y n t h e s is  of  p r o t e i n  and 
rRNA w h i le  augmenting the synthesis of some species of mRNA (G a l la n t ,  
1979) .
The s t r i n g e n t  response  was f i r s t  d e s c r ib e d  more than  t h i r t y  
y e a r s  ago by Sands and R o b er ts  ( 1 9 5 2 ) ,  who showed t h a t  t h e  r a t e  o f  
RNA a c c u m u la t io n  In  £ *  col  I was d r a s t i c a l l y  reduced when t h e  
a v a i l a b i l i t y  o f  any amino a c y l - t R N A  s p e c ie s  become l i m i t i n g  f o r  
p r o t e i n  s y n t h e s is .  T h is  can occur  e i t h e r  th rough  an amino a c i d  
d e f i c i e n c y  or  t h e  I n a c t i v a t i o n  o f  an amino a c y l - tR N A  s y n th e ta s e .  
This decrease In RNA accumulation Is  considered the  "hal lmark" of the  
s t r i n g e n t  response  ( N f e r l l c h ,  1978) .  N I e r l l c h  em phas izes  t h a t  
c o n t r o l  ove r  s y n t h e s i s  o f  t h e  RNA components of  t h e  p r o t e i n  
s y n t h e s i z i n g  sys tem ,  p r i m a r i l y  t h e  s t a b l e  s p e c ie s  o f  RNA, Is  
fundamental t o  the  re g u la t io n  of growth. Stent  and Brenner (1961)
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f  I r s t  d e s c r lb e d  m u tan ts  o f  j L  col  I whIch do not  c u r t a I I  t h e  I r  RNA 
s y n t h e s is  when d e p r iv e d  o f  an amino a c y l - tR N A  s p e c ie s ,  and th e y  
t e r m e d  them  " r e l a x e d "  c e l l s  as  opp osed  t o  t h e i r  s t r i n g e n t  
counterparts .  These mutat ions and most mutants Iso la ted  since,  map 
s p e c i f i c a l l y  In the  r e lA  locus ( F i l l  and Fr lesen ,  1968) .
Many a d j u s t m e n t s  occur  In  c e l l s  undergo ing  t h e  s t r i n g e n t  
response, among which Include: 1) r e s t r i c t e d  membrane t ra n s p o r t  of  
v a r i o u s  e x o g e n o u s  p r e c u r s o r s ;  and 2 )  r e d u c e d  n u c l e o t i d e ,  
carbohydrate,  g l y c o l y t i c  In te rm ed ia te ,  l i p i d ,  f a t t y  ac id ,  polyamlne,  
and p e p t I  dog I yean syn th e ses  ( C a s h e l ,  1 975; G a l l a n t  and L a z z a r l n l ,  
1976) .
Since both m etabo l ic  and t r a n s c r i p t i o n a l  pat terns  were a f fe c te d  
by t h i s  r e s p o n s e ,  a s e a r c h  e n s u e d  f o r  low m o l e c u l a r  w e i g h t  
m e d l a t o r ( s )  o f  t h e  s t r i n g e n t  response .  T h is  I n q u i r y  r e v e a le d  tw o  
unusual guan ine  n u c l e o t i d e s ,  f i r s t  te rm e d  magic spo ts  (MS) I and 2 
(Cashel and G a l l a n t ,  1969). These compounds have subsequently been 
I d e n t i f i e d  as g u a n o s ! n e - 5 ’- d !  p h o s p h a t e - 3 ' - d I  phosphate (ppGpp) and 
guanos I n e - 5 f- t r  I p h o s p h a te -S ' -d  I phosphate (pppGpp), r e s p e c t iv e ly  (Sy 
and LIpmann, 1973) .
P r e s e n t l y ,  t h e  acc ep ted  o u t l i n e  scheme f o r  s y n t h e s is  and 
d e g r a d a t io n  of  ppGpp proceeds a long  tw o  r o u t e s ,  and appears  t o  be 
regula ted  by a t  l e a s t  four gene loci ( f i g u r e  3) (G a l la n t ,  1979). The 
r e  IA gene product synthesizes pppGpp, a precursor of ppGpp, through a 
r ibosom e-bound ATP:GTP pyrophosphate  t r a n s f e r a s e  whose a c t i v i t y
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r e q u l r e s  t h e  presence  o f  mRNA and uncharged,  c o d o n - s p e c l f 1 c  tRNA. 
These r e q u i r e m e n t s  l i n k  t h i s  r e a c t i o n  t o  amino a c i d  d e f i c i e n c y .  
Carbon source  d e p l e t i o n  would d e p l e t e  t h e  c e l I ’ s amino a c i d  p o o l ,  
hence, t h e  r e  IA gene p ro d u c t  Is  coupled  I n d i r e c t l y  t o  t h e  carbon  
source  s u p p ly .  The second system I n v o l v i n g  t h e  r e l X  gene p r o d u c t ,  
and the  re lS  locus (Engel,  e t  a l . ,  1979) s t im u la te s  ppGpp production  
d i r e c t l y  In response t o  a carbon/energy def ic iency .  pppGpp Is not an 
I n t e r m e d i a t e  In t h i s  second system.  O th e r  m u t a t i o n s  c o n f e r r i n g  a 
r e l a x e d  phenotype have been I s o l a t e d ,  b u t  have s u b s e q u e n t ly  been 
shown t o  have epI s t a t i c  e f f e c t s  on r e I  A. One mutation e x is t s  In the  
r e l  C locus ,  which codes f o r  r lb o s o m a l  p r o t e i n  L I  I ,  and would ,  In 
tu rn ,  reduce s t r in g e n t  f a c t o r  a c t i v i t y  on the  ribosome ( F i l l  e t  a l . ,  
1 977) .  The o t h e r  m u t a t i o n  occurs  In  t h e  r e l B  locus which leads  t o  
the  production of an endogenous ribosome I n h i b i t o r  during amino acid  
s ta rv a t io n  (M o s te l l e r ,  1978) .
R e g a rd le s s  o f  t h e  r o u t e  by which ppGpp Is  s y n t h e s iz e d ,  I t  Is  
degraded by the spoT gene product, guanos I n e - 3 ' , 5 f- b  I s - (d  I phosphate)  
- 3 ' - ( p y r o p h o s p h o h y d r o l a s e ) ,  an enzyme which Is  a l s o  r ib o s o m e -  
a s s o c i a t e d  ( F i l l  e t  a l . ,  1977;  R i c h t e r  e t  a l . ,  1 9 7 9 ) ,  b u t  whose 
a c t i v i t y  can be dampened by uncharged tRNA ( R i c h t e r ,  1980 ) .  The  
enzyme a lso requ ires  the  ex is tence  of  an I n t a c t  t rans  membrane proton 
g r a d i e n t  f o r  I t s  a c t i v i t y  (DeBoer e t  a l . ,  1975;  T e tu  e t  a l . ,  1980) .  
Glucose exhaustion or uncoupling of o x id a t i v e  phosphorylat ion, which 
more than  l i k e l y  c o l l a p s e s  t h e  p ro to n  g r a d i e n t ,  both cause an
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F l gure 3 :  Scheme f o r  the synthesis and
degradation of ppGpp.
Scheme fo r  synthesis  of ppGpp proposed by G a l la n t
(1979 ) .  S o l id  l in e s  r e f e r  t o  reac t ions  t h a t  have 
been demonstrated _Ln v l t r o P w h i le  the  dotted 11nes 
In d ic a te  postu la ted  reac t ions  t h a t  have y e t  t o  be 
demonstrated In v i t r o . Single-headed arrows re ­
f l e c t  I r r e v e r s i b l e  h y d ro ly t ic  re a c t io n s ,  and double­
headed arrows In d ic a te  r e v e r s ib l e  reac t io n s .
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I n s t a n t a n e o u s  dec re a s e  In ppGpp d e g r a d a t io n  (DeBoer e t  a l . ,  1975;  
Tetu  e t  a l . ,  1980 ) .  A d ec rease  In ppGppase a c t i v i t y  e l e v a t e s  t h e  
level of ppGpp concentrations In both amino acid  and energy l im i t i n g  
s i tu a t io n s  (B e l i t s k y  and Shakulov, 1982). Levels of ppGpp have been 
shown t o  approach 1 mM I n t r a c e l l u l a r  c o n c e n t r a t i o n  d u r in g  t h e  
s t r i n g e n t  response ,  which Is  v e r y  c l o s e  t o  t h e  l e v e l  o f  ATP In  t h e  
cel I (Gal I a n t ,  1979) .
Range of  Organisms Under S t r in g e n t  Control
Due t o  t h e  e x t e n s i v e  g e n e t i c  l i b r a r y  t h a t  e x i s t s  f o r  t h e  
o rg a n is m ,  E s c h e r i c h i a  col I r most of  t h e  s t u d i e s  c o n c e rn in g  t h e  
s t r in g e n t  response have been performed w ith  t h i s  bacterium. A d iverse  
range  of  a d d i t i o n a l  b a c t e r i a  I n c l u d i n g  BacI  I I us s u b t I  I I s  and 
Salmonella  typhlmurlum have been studied and most In v e s t ig a t io n s  have 
d e m o n s tra te d  t h e  p h y s i o l o g i c a l  a d a p t a t i o n s  o f  s t r i n g e n t  c o n t r o l  
(Swanton and Ed l ln ,  1972; Stephens, Arts and Ames, 1975). Hence, I t  
Is  l i k e l y  t h a t  much o f  t h e  I n f o r m a t i o n  g a th e r e d  on E. co l  I Is  
a p p l i c a b l e ,  a t  l e a s t  In a broad sense,  t o  most o f  t h e  p r o k a r y o t i c  
world (Cashel,  1975) .
Probing f o r  these nucleot ides In eukaryot ic  c e l l s  has revealed a 
ple thora  of con trad ic to ry  evidence (Si lverman and A th e r ly ,  1979). In 
almost every Instance where ppGpp Is  demonstrated t o  accumulate In 
e u k a r y o t e s ,  t h e r e  Is  e v id e n c e  t o  r e f u t e  I t .  The g e n e ra l  s e n t i m e n t  
among In v e s t ig a to rs  on t h i s  t o p ic  Is  t h a t  some eu karyo t ic  c e l l s  may
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syntheslze ppGpp In response t o  var ious environmental s t resses,  but  
th e r e  Is  probably very l i t t l e  regu la to ry  s ig n i f ic a n c e  associated w i th  
t h i s  nuc leo t ide  (Silverman e t  a I . ,  1979) .
I h e  B a c te r ia l  Cel I Cycle
The r e l a t io n s h ip  between chromosome synthesis  and c e l l  d iv is io n  
d u r in g  t h e  b a c t e r i a l  c e l l  c y c l e  has been Invest iga ted  and reviewed  
w ith  Increasing a c t i v i t y  over the  past decade (Donachle e t  a I . ,  1976; 
H e l m s t e t t e r  and P l e r u c c I ,  1976;  Shockman e t  a l . ,  1974;  Tang and 
H e l m s t e t t e r ,  1980) .  T h i s  a re a  o f  r e s e a r c h ,  l i k e  t o o  many o t h e r s ,  
s u f f e r s  from t h e  common syndrome o f  o v e rg e n e r a l  J z a t l o n .  The 
p a r a m e te r  In t h i s  f i e l d  which has produced t h e  most c o n f l i c t i n g  
I n t e r p r e t a t i o n s  I s  t h e  e f f e c t  o f  g row th  r a t e s  on t h e  c e l l  c y c l e  
(S loan  and Urban,  1976;  Loeb e t  a l . ,  1978) .  One o f  t h e  c u r r e n t  
p r e s e n t a t i o n s  o f  t h e  ce l  I c y c l e  f o l  lows t h e  I + C + D model.  C Is  
the t im e  required  f o r  r e p l i c a t i o n  of the b a c te r ia l  genome from the  
o r i g in  t o  the  terminus;  D Is  the  t im e  between the  end of  chromosome 
re p l  I c a t l o n  and ce l  I d i v i s i o n ;  and I Is  t h e  p e r i o d ,  I f  any ,  between  
t h e  end o f  D and I n i t i a t i o n  of C (Cooper and H e l m s t e t t e r ,  1968) .  
These p e r io d s  do, however ,  o v e r l a p  each o t h e r  under some c i r c u m ­
s ta n c e s .  T h is  model has been deve loped t o  account  f o r  c e l l  c y c le  
p a t t e r n s  In  b a c t e r i a l  c e l l s  grow Ing w i t h  d o u b l in g  t im e s  between  
a p p r o x i m a t e l y  2 0  and 1 2 0  mln, w i t h  t h e  l a t t e r  p a r t  o f  t h i s  s c a le  
( d o u b l In g  t i m e s  o f  60 mln and h I g h e r )  const dered t o  be t y p i c a l  of  
s iowly  growIng cel Is.
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Escher lchla  c.q.LL and Sa I mone I1 a .typh.lmur.lum cel I s grow I ng wi+h 
d o u b l in g  t im e s  g r e a t e r  th a n  60 mln have been r e p o r t e d  t o  d i f f e r  
considerably  from c e l l s  grown w ith  doubling t im es  of  40 mln or  less,  
as the  slower growing c e l l s  show periods in th e  c e l l  cyc le  where no 
DNA s y n t h e s is  occurs  (Cooper and H e l m s t e t t e r ,  1968) .  The number of  
chromosomes per c e l l  a lso  v a r ie s  between slow and f a s t  growing c e l l s ,  
as E. col I 15 T” has been shown t o  c o n t a i n  up t o  and I n c l u d i n g  f o u r  
chromosomes In  c e l l s  g row ing  w i t h  20 mln d o u b l in g  t i m e s ,  tw o  
chromosomes a t  40 mln doubl I ng t i m e s ,  and one chromosome In ce l  Is  
w i t h  120  m ln  d o u b l i n g  t i m e s  ( L a r k ,  1 9 6 6 ;  C o o p e r  and  
H e lm s te t te r ,  1968). These repor ts  and repor ts  t h a t  the  length of the  
D period Is  s i m i l a r  In f a s t  and slow growing c e l l s  (Kubltschek, 1974) 
have been d i s p u t e d  by o t h e r s  (S lo a n  and Urban, 1976;  Holmes e t  a l . ,  
1980) .
In t h e  p r e s e n t  e v a l u a t i o n  o f  t h e  m i c r o b i a l  c e l l  c y c l e  
d e t e r m in in g  t h e  e x a c t  l i n k  between chromosome r e p l i c a t i o n ,  c e l l  
elongat ion,  and septa t ton  fo r  a l l  growth s i tu a t i o n s  poses a dilemma.  
This c o r r e la t io n  between chromosome r e p l i c a t i o n  and c e l l  e longat ion  
using a range of r e l a t i v e l y  f a s t  growing c e l l s  has been summarized by 
P t e r u c c I  ( 1 9 7 8 ) ,  who p o s t u l a t e d  t h e  f o l l o w i n g :  1) new zones o f  
envelope growth are  s t im u la te d  s imultaneously w i th  the  I n i t i a t i o n  of  
C; 2) each zone rem al  ns a c t i v e  u n t l  I t h e  compl e t l o n  of  C and D; and 
3)  t h e  r a t e  o f  e n v e l o p e  e l o n g a t i o n  I s  c o n s t a n t  and t o t a l l y  
Independent of growth ra te .  This model, which corresponds w e l l  w i th  
th o se  of  Begg and Donach le  ( 1 9 7 8 ) ,  Shockman e t  a l .  ( 1 9 7 4 ) ,  Tang and
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H e lm s te t te r  (1980) as w e l l  as others,  p red ic ts  t h a t  I f  a populat ion  
o f  c e l l s  g r o w in g  e x p o n e n t i a l l y  Is  exposed t o  a n u t r i e n t  u p s h i f t ,  
t h e r e  w i l l  be no Im m e d ia te  a c c e l e r a t i o n  In  c e l l  d i v i s i o n .  The  
mechanism o f  e n v e lo p e  g row th  and e x t e n s io n  would  be locked a t  t h e  
p r e - s h i f t  r a t e  u n t i l  new zones of  g row th  a r e  a c t i v a t e d  by t h e  
I n i t i a t i o n  of  chromosome r e p l i c a t i o n .  T h is  phenomenon has been 
t e rm ed  r a t e  m a in te n a n c e  (K J e ld g a a rd  e t  a l . ,  1958)  and has been 
observed repea ted ly  over the  years (H e lm s te t te r  e t  a l . ,1965;  Cooper, 
1 969) .  S loan  and Urban (1976 )  r e p o r t e d  t h a t  c e l l  d i v i s i o n  d id  
a c c e l e r a t e  I m m e d i a t e l y  f o l l o w i n g  a n u t r i e n t  u p s h i f t  of  E. co l  I 
s t r a in s  B / r ,  K12, or 15T” growing w i th  doubling t im es  of two hours or  
longer. The authors In s is te d  t h a t  r a t e  maintenance, although ev ident  
a t  f a s t e r  g row th  r a t e s ,  d id  no t  a p p ly  t o  t h e s e  s t r a i n s  a t  lo n g er  
doubl I ng t l  mes. P l e r u c c I  (1978 )  was unab I e t o  con f  I rm th  I s,  but  
employed an u p s h i f t  f rom a d o u b l in g  t i m e  o f  120 t o  40 mln ,  w h i l e  
Sloan and Urban upshff ted  t h e i r  c e l l s  from 120 t o  60 or 30 mln. Thus, 
PleruccI  did not repea t  the  experiment e x a c t ly .
When E- col I c e l l s  grown In a recy c l in g  fermentor ,  w ith  doubling  
t imes In excess o f  100 h are  subjected t o  a f o u r - f o l d  GPR u p s h i f t  In 
phase 3 ,  t h e  o b s e r v a t I  ons w ere  si  m 11 a r  t o  th o s e  o f  SI oan and Urban  
(Evans, 1978). Cell  d iv is io n  ra tes  were Immediate ly  s t im u la ted ,  as 
were ra tes  of  biomass, RNA, and p ro te in  accumulation. Sloan and Urban 
f e l t  t h a t  a p l a u s i b l e  e x p l a n a t i o n  f o r  t h e i r  o b s e r v a t i o n s  was t h a t  
c e l l s  g ro w in g  s l o w l y  c o m p le te d  t h e  p e r io d  between I n i t i a t i o n  o f  
chromosome r e p l i c a t i o n  and c e l l  d i v i s i o n  (C and D p e r io d )  more
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rap  I d I y than  p r e d i c t e d  by t h e  g row th  r a t e ,  and such c e l l s  were  
"primed" f o r  d i v i s io n .
"SOS" Repair .System
DNA damage and I t s  r e p a I r  a r e  s i g n i f i c a n t  f a c t o r s  I n f  I uencIng  
c e l l  a g in g ,  v i a b i l i t y ,  and s u s c e p t i b i l i t y  t o  a d v e rs e  c o n d i t i o n s .  
Although p rokaryo t ic  c e l l s  d i f f e r  In t h e i r  r a te s  of DNA synthesis and 
r e p a i r  (Kornberg, 1980),  analogies between gene r e p a i r  mechanisms In 
b a c t e r i a l  and mammalian systems have been c o n s i s t e n t l y  p re s e n te d  
( S m i t h ,  197 6 ) .  When b a c t e r i a l  c e l l s  a r e  grown In  a r e c y c l i n g  
f e r m e n t o r ,  some o f  t h e s e  d i s c r e p a n c i e s  a r e  e r a d i c a t e d  (Chesbro e t  
a l . ,  19 7 9 ) ,  and t h i s  system would  t h e r e f o r e  p r o v id e  a more u se fu l  
model f o r  s tud ies  of  t h i s  nature. The fermentor slows the  b a c te r ia l  
c e l l  c y c l e  by ove r  1 0 0 - f o l d ,  th u s ,  c a u s in g  I t  t o  r e s e m b le  more 
cl  ose l  y t h e  ce l  I eye I e o f  e u k a r y o t l  c ce l  I s .  At th e s e  si ow r a t e s  o f  
biomass and DNA s y n t h e s i s ,  I t  would  seem obv ious  t h a t  e v e n ts  
occurr ing a t  the  m olecular  level In gene r e p l i c a t i o n  would be eas ie r  
t o  de tec t  and manipulate.  A d d i t io n a l ly  In te r e s t in g  Is  t h a t  a t  these  
low sy n th e t ic  r a te s ,  th e  p r o t e o l y t i c  dependent systems of DNA r e p a i r  
might  well  be Impaired , as Evans (1978) discovered t h a t  p ro teo lys is  
Is  a t  a reduced level In phase 3 c e l l s ,  p a r t i c u l a r l y  the e r ro r -p ro ne  
SOS sys tem,  r e s p o n s i b l e  f o r  much of  t h e  u l t r a v i o l e t  and chem ica l  
m uta g e n e s is  In £*. col  I f may p r o v id e  I n v e s t  I g a t o r s  w i t h  some 
In formation on c e l l  aging.
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The SOS respo nse  Is  t h e  p r i m a r y  r o u t e  by which p re m u ta g e n fc  
les ions are  f ix e d  In to  the  b a c te r ia l  chromosome as mutat ions. U l t r a ­
v i o l e t  l i g h t  exposure p r e c i p i t a t e s  many events In the  b a c te r ia l  c e l l  
Inc luding lysogenlc Induct ion,  synthesis of DNA r e p a i r  enzymes, In­
te r r u p t io n  of DNA r e p l i c a t i o n ,  fJ Ia m e nta t lon  ( I . e .  no c e l l  d i v is io n ) ,  
Increased r a te s  of mutagenesis,  and an increased r a t e  of synthesis  of  
a 3 8 ,0 0 0  MW p r o t e i n  ( W I t k I n ,  1976) .  The I n t e r r e l a t e d  e v e n ts  of  t h e  
SOS response and t h e i r  c o r r e l a t i o n  w i t h  var ious gene products have 
been r e v ie w e d  r e c e n t l y  by F la n d e r s  ( 1 9 8 1 ) .  W orkers  have r e v e a le d  
t h a t  In undamaged c e l l s ,  the  chromosome r e p a i r  systems a re  repressed  
by the  lexA gene product,  a p ro te in  w i th  a m olecular  weight  of  24,000  
(Mount e t  a l . ,1 9 7 2 ) .  However, small  amounts of the  uvr genes1 r e p a i r  
enzymes a r e  o m n ip r e s e n t  t o  h a n d le  m inor  r e p a i r s .  In t h e  e v e n t  o f  
e x t e n s l v e  exposure  t o  UV i r r a d I  a t  I on or  o t h e r  DNA damaglng a g e n ts ,  
I .e.  mitomycin C, n a l i d i x i c  ac id ,  bleomycin, or MMN6 , a sub stan t ia l  
number of p y r im id ine  dimers a re  formed In th e  b a c te r ia l  chromosome 
which eve n tu a l ly  In f luence  fo rm at ion  of post-rep11 ca t Ion  gaps (Rupp 
and F la n d e r s ,  196 8 ) .  T h is  s u b s e q u e n t ly  t r i g g e r s  RecA p r o t e i n ,  t h e
3 8 ,0 0 0  MW p ro d u c t  of  t h e  recA gene, a l r e a d y  e x i s t i n g  a t  low I n t r a ­
c e l l u l a r  le v e ls ,  t o  bind t o  the  s in g le  strand DNA opposite  the  gaps. 
The proteln-DNAcomplex s t im u la te s  t h e  p r o t e o l y t i c  a c t i v i t y  o f  RecA 
(Roberts e t  a I . ,  1977) which ca ta lyzes  an e n t i r e  s e r ie s  of changes In 
t h e  cel  I .  The " a c t i v a t e d ” RecA p r o t e i n  c l e a v e s  t h e  LexA r e p r e s s o r ,  
a l lo w in g  expression of  the  recA gene, the  exc is ion  r e p a i r  enzymes,
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and In tu rn ,  I t s  own production (Mount e t  a I . ,  1972). The protease  
a l s o  degrades a r e p r e s s o r  s u s t a i n i n g  b a c t e r i o p h a g e  lambda In t h e  
prophage s t a t e .  T h i s  a c t i v i t y  a l l o w s  t h e  s y n t h e s is  o f  t h e  v i r u s  
p a r t i c l e ,  and the  eventual des truc t ion  of th e  c e l l s  (Roberts e t  a l . ,  
1977) .  A c t i v e  RecA p r o t e i n ,  however ,  has been proven t o  c l e a v e  t h e  
LexA r e p r e s s o r  more r a p i d l y  than  I t  c l e a v e s  lambda r e p r e s s o r ,  
suggesting t h a t  LexA Is  I t s  primary sub stra te  ( L i t t l e  e t  a l . ,  1980). 
A d d i t io n a l ly ,  RecA p ro te in  Is Involved w i th  In te r r u p t in g  DNA r e p l i ­
c a t i o n  and cel  I d i v i s i o n ,  as I t  a c t s  on t h e  Su lA  and B genes and 
t h e i r  p ro d u c ts  which a r e  r e s p o n s i b l e  f o r  s u p p re s s in g  f i l a m e n t o u s  
growth and a l lo w in g  normal cel I d iv is io n  (George e t  a l . ,  1975). Once 
recA Is  r e l e a s e d ,  m ass ive  amounts o f  RecA p r o t e i n  a r e  s y n t h e s iz e d ,  
r e a c h in g  l e v e l s  as h igh as t h r e e  t o  f o u r  p e r c e n t  o f  t h e  t o t a l  cel  I 
p r o t e i n  (Gudes and P ard ee ,  1976 ) .  The n e w l y - s y n t h e s i z e d  p r o t e i n  
b inds t o  any s i n g l e - s t r a n d e d  DNA r e m a i n i n g ,  and then  t o  a d j a c e n t  
double-stranded regions,  preventing th e  s t a b i l i z a t i o n  of any newly-  
manufactred LexA pro te in  ( L i t t l e  e t  a I . ,  1980). The regu la ted  genes 
c o n t in u e  f u n c t l o n l n g  u n t i l  t h e  s I n g I e - s t r a n d e d  gaps a r e  r e p a I  red .  
When post- rep 1 1  c a t I  on r e p a i r  Is complete,  RecA becomes In a c t iv a te d ,  
LexA p r o t e i n  I s  no lo n g e r  c l e a v e d ,  and t h e  c e l l  r e t u r n s  t o  t h e  
uninduced s t a t e  ( F l a n d e r s ,  1981) ( f i g u r e  4) .  No p o r t i o n  of  t h e  SOS 
response I s  exp ressed  In c e l l s  c a r r y i n g  e i t h e r  a recA or  a I exA 
mutat ion,  but a l l  s i tu a t io n s  are expressed c o n s t l t u t l v e l y  a t  42°C In 
c e l l s  e x h ib i t in g  a t l f  mutation ( C a s t e l la z z I  e t  a l . ,  1972).
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F l gure 4.: Scheme f o r  the  recA -  lexA r e p a i r
system In JL. col I .
Scheme fo r  the regu la to ry  system based on lex A 
and rec A produced by Flanders (1 9 8 1 ) .  In the  
unInduced s t a t e ,  lex A repressor binds t o  oper­
a to rs  of many genes, prevent ing the synthesis  of  
mRNA and pro te in  a t  a low l e v e l .  Damage t o  DNA, 
which produces post- rep  1 1  ca t Ion  gaps, a c t iv a te s  
the  "SOS" response. Rec A p ro te in  then binds t o  
s ing le -s tranded DNA opposite  a gap, t r i g g e r i n g  
I t s  p r o t e o l y t i c  a c t i v i t y .  Lex A repressor Is 
cleaved and a l l  the  c o n t ro l le d  genes are switched 
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The recA p ro te in  Is considered t o  be q u i t e  s ta b le  In c u l tu re s  of  
E. col  1 B / r  and £*. col  I B grow I ng exponent  I a l l y  (Gudes and Pardee ,  
1976). To v e r i f y  t h i s  hypothesis,  the  authors labeled cu l tu re s  w i th  
^ S - m e t h  I onl ne d u r in g  t h e  I n h i b i t i o n  of DNA synth es I s by n a l i d i x i c  
a c i d ,  and then  chased w i t h  n o n - r a d  I o a c t I v e  m e t h i o n i n e .  Gel  
e l e c t r o p h o r e s i s  and d e n s i t o m e t r y  revea led  t h a t  the  labeled p ro te in  
was s t i l l  present  a f t e r  one generat ion  of growth w i th o u t  n a l i d i x i c  
acid . The authors concluded t h a t  the  p ro te in  must be d i lu t e d  out by 
c e l l  g r o w th ,  r a t h e r  th an  degraded by p r o t e a s e s .  I f  t h i s  I s  Indeed  
t h e  case ,  than  any RecA produced In  a phase 3 c u l t u r e  of  E. c o l l  
should be s ta b le  f o r  up t o  1 0 0 0  h.
The SOS response promotes DNA r e p a i r  by Increasing th e  level of  
e x c i s i o n  r e p a i r  enzymes,  b u t  W l t k l n  (1976 )  a l s o  sug ges ts  t h a t  a 
s p e c ia l  " e r r o r - p r o n e "  t y p e  o f  DNA r e p a i r  Is  a s s o c i a t e d  w i t h  t h e  
Increased mutagenels In these Induced c e l l s .  Increased lev e ls  of an 
e r r o r - p r o n e  DNA p o ly m e ra s e  have r e c e n t l y  been found In SOS Induced 
c e l l s  ( F la n d e r s ,  19 8 1 ) ,  bu t  t h e  mechanisms In v o lv e d  In t h i s  
phenomenon have not y e t  been worked out .
Inducib le  Enzyme Product ion and J3egr.ada.tLan l a  H i e  Ee.cy.Ql i.rifl
Fermentor
Evans (1978) studied the  Induct ion and decay o f  B -ga lactos Idase  
a c t i v i t y  I n t h e  f e r m e n t o r  w I t h  t h e  o rgan l  sm, E. col  I B. When th e s e  
c e l l s  w e r e  c o n t i n u o u s l y  I n d u c e d  I n  p h a s e  3 w i t h
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f s o p r o p y l + h l o g a l a c + o s f d e  ( IP T G ) ,  B - g a l a c t o s I d a s e  l e v e l s  r o s e ,  and 
became constant  fo r  a t  leas t  50 h, w i th  tw e lve  t o  f i f t e e n  percent  of  
a l l  c e l l  p r o t e i n s  becoming l a c  operon p r o t e i n s .  D u r in g  t h i s  
Induct ion,  the  t o t a l  r a t e  of p ro te in  synthesis was depressed. When 
c e l l s  w e r e  I n d u c e d  In  p h a se  2 w i t h  a p u l s e  o f  l a c t o s e ,  13- 
gal a c to s  I dase a c t i v i t y  peaked and t h e n  decayed r a p id ly  u n t i l  about  
t h i r t y  p e r c e n t  o f  t h e  a c t i v i t y  had d is a p p e a r e d .  The r a t e  of  
degradat ion then decreased markedly as the  c u l t u r e  entered phase 3,  
and enzyme a c t i v i t y  d is a p p e a re d  t h e r e a f t e r  a t  a low c o n s t a n t  r a t e .  
When a f o u r - f o l d  I n c r e a s e  In carbon energy r a t e  was Imposed on t h e  
c e l l s ,  t h e  r e m a i n in g  enzyme a c t i v i t y  d is a p p e a re d  r a p i d l y .  Evans 
concluded th rough  th e s e  s t u d i e s  and o t h e r s  c o n c e rn in g  ^ C - l a b e l e d  
prote ins  t h a t  macromolecular turnover  decreases as the  c e l l s  proceed 
from phase 2 t o  phase 3 .
I t  seemed useful t o  have a second Induc ib le  enzyme as a f u r th e r  
marker of general p ro te in  degradat ion processes In these slow-growing  
c e l l s  p r i o r  t o  examining the  decay of the  RecA p ro te in  during the  SOS 
response .  The enzyme, t r y p t o p h a n a s e  suggested I t s e l f  f o r  th e s e  
I n v e s t i g a t i o n s .  T ryp to p h an ase  Is  a 2 8 1 , 0 0 0  MW p r o t e i n  which Is  
composed of f i v e  subunits ( S n e l l ,  1975). The mechanisms and k in e t ic s  
of  In d u c t io n  o f  t h i s  enzyme In  E. col  I have been shown t o  be very  
s i m i l a r  t o  th o s e  o f  B -ga l  a c t o s l  dase ( B l l e z l k a n  e t  a l . ,  1966) .  
Knowledge o f  t h e  r e a c t i o n  c a t a l y z e d  by t h i s  enzyme was f i r s t  
summarized by Wood e t  a l .  ( 1947 )  and Is  shown In  t h e  scheme be low ,
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where t h e  In d u c e r ,  t r y p t o p h a n ,  Is  degraded by t h e  enzyme and 
c o f a c t o r s  I n d i c a t e d  t o  produce s t o i c h i o m e t r i c  amounts o f  I n d o l e ,  
pyruvate and ammonia:
TPase
L-tryptophan + f -^O-------------------------------> Indole + pyruvate + NH3
pyr Idoxa I - 5 ’ -phosphate,
nh4
Tryptophanase has been found In a wide v a r i e t y  of p h y s io lo g ic a l ly  and 
m o r p h o l o g i c a l l y  d i v e r s e  b a c t e r i a  ( T a b l e  1) .  I t  Is  p r e s e n t  In  smal I 
amounts In c e l l s  grown In the  absence of tryptophan, Is repressed In 
c e l l s  grown In the presence of glucose or o ther  r a p id ly  metabolized  
carbon sources  (Boyd and L l c h s t e l n ,  1 9 5 5 ) ,  and can reach l e v e l s  In  
cel  Is  approach Ing t e n  p e r c e n t  of  t h e  s o l u b I e  cel  I p r o t e l n  In  f u l l y  
Induced c u l tu res  (S n e l l ,  1975).  This enzyme has been studied by only 
a handful of  researchers over the  past decade, and l i t t l e  or no data 
as t o  I t s  d i s t r i b u t i o n  and longevity  In the  b a c te r ia l  c e l l  e x i s t .
Jbe Production o f  Cyct Ic Nucleotides I n  CarApPrlJji i. tfed Cel.1.5
The p h o s p h o t r a n s f e r a s e  system (PTS),  t h e  g lu c o s e  t r a n s p o r t  
system In E. col  I . becomes u n d e r s a t u r a t e d  w i t h  s u b s t r a t e  as c e l l s  
grown In  t h e  r e c y c l i n g  f e r m e n t o r  e n t e r  phase 2 (Chesbro e t  a l . ,  
1979) .  At t h i s  p o i n t ,  B - g a l a c t o s l d a s e  becomes f u l l y  I n d u c i b l e  
(Evans, 1978) Im p l ic a t in g  the  production of  cAMP (Pastan and Adhya, 
1976). The Impact of  cAMP production In these energy depleted c e l l s  
may be o f  g r a v e  Im p o r ta n c e  t o  cel  l u l a r  f u n c t i o n  and I n t e g r i t y  and,  
t h e r e f o r e ,  renders I t s e l f  worthy of In v e s t ig a t io n .
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TABLE 1: The d i s t r i b u t i o n  of tryptophanase (TPase) In d i f f e r e n t  
b a c te r ia l  genera ( S n e l l ,  1975)
Genus Number of Number of s t r a in s
s t r a in s  tes ted  conta in ing  TPase
Acetobacter 79 0
Achromobacter 61 0
Aeromonas 8 1 a
Agrobacterl.um 6 0
Alca l I  genes 54 0
z^.Q±9b.ac.t.g.r 6 0
.BaaLMus ? 1 b
Bacteroldes sp. ? 1
BlQSjxMLum 9 0
Corynebacter I urn ? 1 c
Enterobacter 65 1 2 d
ErwIn I a 131 8 e
Escherichia 44 8 f
Flavobactertum 89 0
KJ-uyv.er.a 5 29
Mfcrococcus ? 1 h
Myaap I.ana 5 0
Paracolobactrum ?
(cont inued on next page . . . )
1 1
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TABLE 1. (cont inued)
Genus Number of  
s t r a in s  tes ted
Number of  s t r a in s  
conta in ing TPase
Paste.ur.el l a ? 1
PhotobacterI  urn ? 1
£a?±fius 15 1 1
Pseudomonas 475 0
Rh.Iz.Qb I.um 14 0
Sa.I m.Qna.1 la 7 0




^Aeromonas 11quefac lens .
B.ac.l |.Lus a l y s l .  
qCorynebacterl  urn acnes.
qE n t e r o b a c t e r  aerogenes  ( tw o  s t r a i n s )  and 
E. I lque fa c le ns  ( ten  s t r a i n s ) .  
eErwIn Ia  herb I col a (two s t r a in s )  and 
E. carotovora  ( s i x  s t r a i n s ) .
' Escherichia col I ( e ig h t  s t r a i n s ) ;  numerous add i t iona l
s t r a in s  Inves t iga ted  by other authors a lso  produce TPase. 
%  I uyy.er.a c.Lt r .op.h.(la (two s t r a i n s ) .
‘'Micrococcus aerogenes.
Paracolobactrum col I forme.
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In a d d i t i o n  t o  t h e  w e l l - k n o w n  r o l e  o f  cAMP and c a t a b o l I t e  
repressor p ro te in ,  CRP, a cAMP receptor  p ro te in ,  In th e  I n i t i a t i o n  of 
t r a n s c r i p t i o n  of  I n d u c i b l e  c a t a b o l I c  operons (P as tan  and P e r lm an ,  
1970), the  cAMP-CRP complex has been shown t o  a f f e c t  many add i t io n a l  
f u n c t i o n s  In  E. c o l l . T h e s e  f u n c t i o n s  I n c l u d e  l y s o g e n y  by 
bacteriophage (Pastan and Adhya, 1976), r e p l i c a t i o n  of plasmids (Katz 
e t  a l . ,  1973),  envelope p ropert ies  Inc luding r e g u la t io n  of  synthesis  
of f l a g e l l a ,  f i m b r i a e ,  p i l l ,  f l u i d i t y  o f  membrane, s e n s i t i v i t y  t o  
d e t e r g e n t s ,  c o m p o s i t io n  of  p r o t e i n s  In  o u t e r  membranes, and 
s e n s i t i v i t y  t o  a n t i b i o t i c s  ( f o r  rev iew,  see Bots ford ,  1981) .
L ike  guanoslne-3 ' ,5 ,-blspyrophosphate (ppGpp), t h e  I n t r a c e l l u l a r  
I eve I s o f  cAMP I n JL. col  I a r e  I n v e rs e l  y p r o p o r t  I ona I t o  t h e  g row th  
r a t e s .  Both n u c l e o t i d e s  a r e  I n v o lv e d  In  a number of  c o n t r o l  
a c t i v i t i e s ,  and accumulate when c e l l s  a re  starved f o r  glucose or when 
s h i f t e d  f r o m  g l u c o s e  t o  a p o o r e r  c a r b o n  s o u r c e .  In  f a c t ,  
accumulation of ppGpp and cAMP are  both a f fe c te d  by mutat ions In the  
r e l  A Iocus ( B r a e d t  and Gal I a n t ,  197 6 ) ,  s u g g e s t ln g  some c o r r e l a t l o n  
between the  two compounds. When c e l l s  a re  starved fo r  an amino ac id  
though, only ppGpp accumulates, w h i le  cAMP synthesis  Is  not a f fe c te d  
(Botsford and D r e x le r ,  1978) .
MATERIALS AND METHODS
.Str.aJ.ns .and .Cultural  .Conditions
All  Escher ichia  col I s t r a in s  (Table 2) were maintained on Davis 
and M In g lo l l  (1950) basal medium (DMM) agar s la n ts  conta in ing 1.25 mg 
ml“  ^ glucose w i th  app ro pr ia te  amino acids added a t  the  level of 2 0  yg 
m l“  ^ f o r  t h e  g ro w th  o f  a u x o t r o p h i c  s t r a i n s .  B a c I I  I us polymyxa  
s t r a i n s  ( T a b l e  2 )  w ere  m a i n t a in e d  on n u t r i e n t  agar  s l a n t s .  A l l  
c u l tu res  were p e r i o d i c a l l y  r e s t a r t e d  from stocks f rozen a t  -70°C  In 
t r y p t l c a s e  soy broth conta in ing  0*3$ yeast  e x t r a c t  and 1 0 $ dimethyl  
s u l fo x id e  (DMSO).
The basal medium In a l l  f e r m e n t o r  e x p e r im e n t s  w i t h  E. col I
7 O
s t r a i n s  e x c e p t  t h o s e  I n v o l v i n g  P, was DMM, a known g lu c o s e  
c o n c e n t r a t i o n ,  10 yg ml"^ d I t h I o t h r e l t o l  (Chesbro  e t  a l . ,  1979)  
(DTT), and app ro pr ia te  amino acid  supplementation a t  a concentrat ion  
o f  20 yg m l“ ^. The medium was p r e p a re d  and a u t o c l a v e d  I n 1 0 or  1 8  
l i t e r  batches. The medium used In a l l  fermentor exper iments w i th  I k  
polymyxa was a modif ied  Katznelson and Lochhead (1944) minimal medium 
c o n t a i n i n g  In g o r  m l “ ^: g lu c o s e ,  1 .5;  MgS04  . 7H2 0 ,  0 .2 ;  NaCI ,  0 .1 ;  
CaCI 2 » 0 .1 ;  FeS0 4  . 7H2 0 ,  0 .0 1 ;  ZnS04 , 0 .01 ;  MnS04  . H2 0 ,  0 .0 0 7 5 ;  40 
ml of a 0.5 M «2 HP04  s o lu t io n ,  pH 7.5.  These components were boi led  
together  f o r  5 mln and then f i l t e r e d  t o  remove p r e c ip i ta te s .  A f te r  
f i l t r a t i o n ,  b l o t l n  was added, 0.5  yg l ” ^, and 0 .25$  ( v / v )  o f  a
- 3 0 -
- 3 1 -
TABLE 2. S t r a i n s  o f  E s c h e r i c h i a  cot I . Bacl l I  us jxaLymyxa, and 
Y e rs in ia  p e s t ls  u t i l i z e d  fo r  re c y c l in g  fermentor s tud ies .
S tra t  n Source Genoty pe/Ph enoty pe
JEL. p,o.Lymyxa 
Pf lzer2459
H. Paul us met
fix poJ-ymyxa 
ATCC2590I
H. Paul us an asporogenous s i Im e-  
less d e r i v a t i v e  of  
Pf tzer2459
col 1 NF859 J. G a l l a n t argA, metB
£ *  CQl1 NF859X J. G a l la n t argA, metB, re lA I
col I NF162 J. G a l l a n t argA, metB, r e l A I ,  spoT
£ *  C9 l 1 NF161 J. G a l l a n t argA, metB, spoT
L m. COl 1 NF1035 J. Gal 1 ant argA, metB, r e l A I ,  re lX
£ *  col I H I0407 S. Falkow ent+
£ *  c e l l  AB1157 D. Mount pro, arg ,  t h r ,  leu,  
h is ,  t h l
£x  col 1 B laboratory  
s t r a ln
—
£ a  c o i l  NF161-X t h i s  study argA, metB, spoT, x
COl 1 ATCC33311 ATCC lacZ gene fused t o  
operon under X repressor  
control
_Y_,. pjBEtlS [CAV5IF1 R. Zstgray —
£ *  COl1 CSH22 1 aboratory  
s t r a i n
X - s e n s l t l v e
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v l t a m l n - f r e e  e n z y m a t i c a l l y  h y d r o l y z e d  c a s e i n  s o l u t i o n  ( ICN, 
N u t r i t io n a l  Blochemleals,  Cleveland,  OH). The s o lu t io n  was cooled,  
a d j u s t e d  t o  t h e  d e s i r e d  pH, a u t o c l a v e d ,  r e c o o le d ,  and a s t e r i l e  
s o lu t io n  of glucose conta in ing  10 jig ml“  ^ DTT added asept lca l  ly .
For the growth o f  Yers I n I a pest I s ,, a modified MASGF medium was 
used (Table  3) (Burrows and G i l l e t t ,  1966) .
Recyc11ng Fermentor Operation
The re c y c l in g  fermentor  has been described prev ious ly  (Chesbro 
e t  a l . ,  1979; Evans, 1978) (F igure  5). B r i e f l y ,  s t e r i l e ,  oxygen-free  
medium l i m i t i n g  In  a s p e c i f i c  n u t r i e n t  Is  added t o  t h e  r e a c t i o n  
vesse l  a t  a c o n t r o l  led r a t e .  Al I t h e  cel  Is  of  a g ro w in g  p o p u la t i o n  
a r e  r e t a i n e d  In t h e  grow th  chamber by r e c y c l i n g  t h e  chamber 's  
c o n te n ts  (450 m l)  ac ro s s  a p a r t i t i o n i n g  Amlcon TCIR r e c y c l  I ng u n i t  
conta in ing a 0.2 p polycarbonate f i l t e r  (Nucleopore Inc., Pleasanton,  
CA). At t h i s  p o i n t ,  t h e  s p e n t  medium Is  drawn o f f  a t  t h e  same r a t e  
the  new medium Is being added and th e  mjcrobla l  populat ion returned  
t o  t h e  r e a c t i o n  v e s s e l .  Thus, d u r in g  each succeeding  I n t e r v a l  of  
operat ion a constant  amount of the  l i m i t i n g  n u t r ie n t ,  I .e.  glucose,  
w i l l  be added t o  a c o n t i n u o u s ly  In c r e a s i n g  p o p u l a t i o n  of  c e l l s  
r e s u l t i n g  In  a c o n t i n u o u s l y  d e c re a s in g  amount o f  t h e  l i m i t i n g  
n u t r ie n t  per u n i t  of  c e l l  mass. The glucose provision r a t e ,  GPR, Is 
t h e  p rodu c t  o f  t h e  s u b s t r a t e  c o n c e n t r a t i o n  o f  t h e  medium (SR) 
m u l t i p l i e d  by the  r a t e  a t  which medium flews In to  the  fermentor (FR) .
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TABLE 3 .  Modif ied MASGF medium u t i l i z e d  fo r  c u l t u r e  of
Y e rs in ia  .piastLs
Compound g / l
K2 HP04  10.5
KH2 P04  4 .5
(NH4 ) 2 S04  1.0
Na c i t r a t e  0 .5
MgS04 .7H20 0 .62
Na2 S2 0 ij 0 . 0 1
Acid hydrolyzed casein 2 .0
L- tryptophan 0 .0 4
thiamine (1 umol) 0.000337
Ca pantothenate (1 umol) 0 .000 477
b l o t I n  (0.01 ymol) 0.0002443
yeast  e x t r a c t  0 .3
autoc lave  separate ly
autoc lave  separate ly
autoclave separate ly
gIucose 1.25 autoclave separa te ly
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F l qure 5;  Diagram of maintenance energy fermentor.
Schematic diagram of maintenance energy fermentor con­
structed  by Chesbro e t  a l .  ( 1 9 7 9 ) .  The parameters a re :  
fermentor volume (Vp) ,  substra te  concentra t ion  In 
medium r e s e rv o i r  (Sp ) ,  substra te  concentrat ion  In 
fermentor (Sp ) ,  c e l l  mass ( X ) ,  f low r a t e  of medium 
In to  fermentor ( F p ) ,  and f low r a t e  from the  f i l t e r  
apparatus (F<j).
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Upon s t a r t  up, t h e  f e r m e n t o r  fs  seeded w i t h  ca.  30 ml of  a 10 h 
a n a e r o b i c  c u l t u r e .  The r e a c t i o n  ves se l  Is  mal n ta  I ned a t  3 0 °C ,  and 
the  pH held constant  by the  a d d i t io n  of 2N NaOH.
£ eLi.u_Lar Assays
At se t  In t e r v a ls ,  samples were withdrawn from th e  fermentor and 
a n a ly z e d .  C e l l  dry w e ig h t s  w ere  d e te r m in e d  In  t r i p l i c a t e  by 
f i l t e r i n g  samples on t o  p r e - w e lg h e d ,  d r i e d ,  0 .2  ^m N u c le p o re  
c a r b o n a t e  f i l t e r s  (25 mm d i a m e t e r ) .  The f i l t e r s  w e re  r i n s e d  t h r e e  
t im es w i th  p r e f l l t e r e d  0.1# (v /v )  formaldehyde dr ied a t  60°C f o r  48 h 
and weighed on a Cahn e lec t roba lance .  K l e t t  readings were performed 
on a K le t t -S u m m e r s o n  I n s t r u m e n t  w I th  a #54 f I  I t e r .  V i a b l e  counts  
were determined on minimal medium In t r i p l i c a t e  by the  spread p la te  
method. C e l l u l a r  p r o t e i n  was d e te r m in e d  by a m o d i f i e d  Lowry  
procedure (Brunschede e t  a t . ,  1977). C e l ls  were f i r s t  hydrolyzed by 
d 11 u t l  ng ( 1 :5 )  I n t o  0 .5  N NaOH and bo 11 I ng f o r  5 m I n. The samp I es 
were then f rozen f o r  ana lys is  a t  a l a t e r  t im e.  Bovine serum albumin  
f r a c t i o n  V (F ischer  S c i e n t i f i c )  was used as the  standard.
The p roce dure  of  D o n k e r s lo o t  e t  a l .  (1972 )  was used f o r  
determin ing c e l l u l a r  DNA. The DNA samples were prepared by f i l t e r i n g  
cel Is onto a 0.2 jjm polycarbonate membrane and r in s in g  them once w ith  
1 ml of  a sallne-EDTA so lu t ion .  The f i l t e r e d  c e l l s  were resuspended 
In  2 ml o f  0.3 N KOH, hydro  I yzed a t  37 °C,  n e u t r a l  I zed w I th  0.5 ml o f  
1 N HC1, and t h e n  f r o z e n  f o r  a n a l y s i s  a t  a l a t e r  d a te .  An equal
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volume o f  4 pg /m l  e + h id lu m  brom ide  was added t o  t h e  samples  and 
f luorescence was measured In a Turner I I I  f luorom eter .  C a l f  thymus 
DNA (Sigma) was used as the  standard.
C e l l u l a r  RNA was determined by th e  orc lnol  procedure, on samples 
t h a t  had been f rozen In 0.8$ formaldehyde. A f te r  thawing,  the  c e l l s  
w ere  washed t h r e e  t i m e s  In c o ld  10$ t r i c h l o r o a c e t i c  a c i d  (TCA),  
f o l l o w e d  by h e a t i n g  t h e  c e l l s  f o r  15 mln In 5$ TCA. Y e as t  RNA 
(Sigma) was used as th e  standard.
DetermI nat ion of  ppGpp
To f o u r  l i t e r s  o f  m o d i f i e d  DMM c o n t a i n i n g  In  g 1” ^: K2 HPO4 , 
0.087; NH4 SO4 , 1.0; Na c i t r a t e ,  0.5; B Ic In e ,  16.317 (A ldr ich  Chemical 
Co., M i lw a u k e e ,  W l ) ;  M g S O ^ h ^ O ,  0.1 ( a u t o c l a v e d  s e p a r a t e l y ) ;  
glucose, 3.75 (autoclaved sep ara te ly ) ;  DTT, 0.01 a t  pH 7.0 ,  was added 
25 mCI of c a r r i e r - f r e e  ^ P-or thophosphate  (n 6W England N u c lear ) .
The fermentor  was seeded and 2 ml samples drawn a t  var ious t im e  
I n t e r v a l s  w ere  made 2M In  f o r m i c  a c i d  by a d d i t i o n  o f  153 j j I  o f  
c o n c e n t r a t e d  f o r m i c  a c i d .  Samples w ere  f r o z e n  a t  - 7 0 ° C ,  thaw ed ,  
cen tr i fu g ed ,  and the  supernate dr ied and resuspended In 2 0 0  p \  of 1 0 $ 
I s o p r o p a n o l .  The suspens ion  was n e u t r a l i z e d  and concentrated 10X. 
These samp Ie s  were  used t o  spo t  p o l y e t h y I e n e l m I n e  (PE I ) - c e l I u l o s e  
t h in  layer  chromatograms (Cashel e t  a I . ,  1968) .
Separat ion of  ppGpp was c a r r ie d  out  by PE I -ce l  Iu lose t h in  layer  
chromatography. The sheets were prewashed once In deionized water  
and dr ied.  One dimensional s e p a r a t i o n  of  t h e  n u c l e o t i d e s  Inc lu d ed
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spott lng  between 2.5 and I O j j I  o f  ^2 P- labe led  nuc leo t ide  extracts,  and 
chromatographing In 1.5 M potassium phosphate b u f fe r ,  pH 3.4 (Cashel 
e t  a l . ,  1 9 6 8 ) .  ^ 2 P - l a b e l e d  n u c l e o t i d e s  w e r e  d e t e c t e d  by 
r a d i o a u t o g r a p h y  us ing  Kodak XR-5 x - r a y  f i l m  exposed from 2 4 - 7 2  h. 
Spots whose m o b i l i t y  corresponded t o  au then t ic  standards of ppGpp and 
GTP (PL Blochem le a l  s I nc. ,  MI I waukee, W I ) were  c u t  and counted I n a 
Packard T r I - c a r b  S c i n t i l l a t i o n  Spectrophotometer.
For q u a l i t a t i v e  I d e n t i f i c a t i o n  of ppGpp and o ther  nucleot ides,  a 
tw o  d im e n s io n a l  system was employed (Cashel e t  a l . ,  1968) .  T h is  
c o n s is t e d  o f  c h ro m a to g ra p h in g  t h e  f o r m i c  e x t r a c t s  In  t h e  f i r s t  
d im ens ion  w i t h  3 .3  M ammonium f o r m a t e  + bor I c ac l  d, pH a d j  us ted  t o
7.0 w i th  NH^OH. Sheets were then soaked In methanol fo r  5 mln, water  
f o r  15 mln, and dr ied .  The second dimension u t i l i z e d  0.85 M KH2 PO4 , 
pH 3 . 4 .
Determinat ion q±  Re IA B ifinffitypg
The RelA phenotype was t e s t e d  by t h e  p roce dure  d e s c r ib e d  by 
Engel e t  a l .  (1979) which Involved growing c e l l s  overn igh t  on broth  
agar p la te s ,  p ick ing  c e l l s  w ith  a toothp ick  t o  make tu r b id  2 0 0  I of  
a T r l s  m in im a l  g lu c o s e  media (Kaem pfer  and M agasan lk ,  1967)  
conta in ing  40 pm phosphate, 2 mg ml ” 1 s e r in e  hydroxamate (Sigma), 300 
jpg m l ” 1 L - v a l  I ne (S ig m a ) ,  and 10 jmCI m l " 1 3 2 P. T h is  m i x t u r e  was 
I n cu b a ted  f o r  one h a t  37°C .  50 pi o f  13 N f o r m i c  a c i d  was then
added, and t h e  s o l u t i o n  f r o z e n  f o r  15 mln. Ten pi was s p o t t e d  on 
P E l - c e l I u I o s e  chrom atography  p l a t e s ,  deve loped 10 cm w i t h  1.5 M
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KH2 PO4 , pH 3 . 4  and exposed +0 x - ra y  f i l m  overn igh t .
Arsenate In h ib i t io n
Five l i t e r s  of modif ied DMM was supplemented w i th  ca. 30 mCI of  
P and growth In th e  fermentor was a l lowed t o  proceed f o r  61 h. 0.3 
g of  potass ium  a r s e n a t e  (Sigma) was th en  added t o  t h e  f e r m e n t o r .  
Subsequent 2 ml samples were brought t o  a concentrat ion of 2 M formic  
a c i d ,  f r o z e n  a t  - 7 0 ° C ,  t h a w e d ,  c e n t r i f u g e d ,  and s u p e r n a t e s  
n e u t r a l  Ized  w i t h  0 .52  ml o f  5 N NaOH, and 0.35 ml o f  1.75 M K2 HPO4 . 
Samples were t r e a te d  w i th  charcoal by a m o d i f ic a t io n  of the  method 
used by G r i f f i n  e t  a l .  ( 1 9 6 5 ) .  One ml o f  s u p e r n a te  was batch  
absorbed on 25 mg N o r i te  A a c t iv a te d  charcoal fo r  30 mln a t  4°C. The 
charcoal was recovered and washed w i th  ^ 0 .  Nucleotides were then  
e lu ted  w i th  250 yl of H2 0 -e thanol-NH 3  (65:35:3;  v /v ) .  These samples 
were then used t o  spot P E I -c e l lu lo s e  t h in  layer  chromatograms.
Determinat ion o f  Cyc I !e  Adenosine 3 1 . 5 ' -Monophosphate
The method of Braedt  and G a l l a n t  (1976) was employed t o  measure 
3 2 p _ la b e l e d  cAMP. F o rm ic  a c i d  e x t r a c t s  t h a t  w ere  absorbed  on 
ch a rc o a l  w ere  deve loped  on P E I - c e l l u l o s e  l a y e r s  In  I s o p r o p a n o l -  
ammonlum hydroxlde-water  (70:15:15; v /v ) .  The p la tes  were cut  6  mm 
behind th e  a u th en t ic  cAMP marker (Sigma),  and developed again In n-  
b u t a n o l - a c e t l c  a c l d - w a t e r  ( 5 0 : 2 5 : 2 5 ;  v / v ) .  Spots  c o i n c i d i n g  w i t h  
marker cAMP were cut  and counted In a s c l n t l l l a t l o n  counter.
Using known amounts o f  t i t r a t e d  cAMP (New England N u c le a r )  In
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the  charcoal adsorption procedure, c o n s is ten t ly  rendered a recovery 
o f  \1%  f o r  cAMP which was used as t h e  c o r r e c t i o n  In c a l c u l a t i n g  
recover ies  of  ^P-cAMP.
Determ1nat ion of  F I I t r a t e  Components
The presence of DTT In the  f i l t r a t e  was found t o  I n t e r f e r e  w i th  
t h e  a n a l y s i s  o f  RNA, DNA, and p r o t e i n .  T h e r e f o r e ,  each assay was 
c o r r e c t e d  f o r  t h  I s I n t e r f e r e n c e .  The f I I t r a t e  m a t e r ! a l  was t w i c e  
f i l t e r e d  over mln l-columns conta in ing A m ber l I te ,  IR—120 (H+ ) (F ischer  
S c i e n t i f i c )  t o  reduce the  s a l t  concentra t ion  In the  samples, and the  
column was washed w i th  a volume of d i s t i l l e d  water  equal t o  the  bed 
column.
Prote in  In th e  f i l t r a t e  was determined on the  t re a te d  samples by 
t h e  Lowry p rocedure  (Lowry  e t  a l . ,  1951) ,  RNA by t h e  o r c l n o l  
procedure (Schneider,  1957),  and DNA by the  dlphenylam Ine technique  
(Burton, 1956) .
Glucose In th e  f i l t r a t e  was determined by the  UV method, based 
on t h e  use o f  h e x o k ln a s e  and g I u c o s e - 6 -p h o s p h a te  dehydrogenase  
(S igma).
Ethanol  In t h e  f  11 t r a t e  was q u a n t  I f  I ed by NAD r e d u c t  I on us I ng 
ethanol dehydrogenase (Anonymous, 1977) .  A c e t a t e  and 2 , 3 - b u t y l e n e  
glycol were determined by the  methods of Nelsh (1 9 5 2 ) .
For q u a l i t a t i v e  d e t e r m i n a t i o n  o f  non-gaseous f e r m e n t a t i o n  
products In the  f i l t r a t e ,  a Perk in Elmer model 3920 gas chromatograph 
equipped w i th  a hydrogen f lame detec tor  was used. The products were
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separated on a s t a in le s s  steel  column (0.32 cm X 305 cm) packed w ith  
10# SP-1000 (1# H3 PO4 ) on 1 0 0 /1 2 0  mesh chromosorb WAW (S u p e lc o ) .  
C o n d I t l o n s  used In t h e  a n a l y s i s  w ere :  c a r r I e r  gas , N2 , f  I ow r a t e  30  
ml mln” 1 ; I n j e c t i o n  p o r t  t e m p e r a t u r e ,  170°C;  H2  f l o w ,  50 ml mln” 1; 
and a i r  f lo w ,  600 ml mln” 1. Samples and standards were prepared as 
described In the  Anaerobe Laboratory Manual (1 9 7 5 ) .
E lectron Mj£HQ_scop.y
Samples fo r  t h in  sec t ion ing  were taken out of the  fermentor  and 
f i x e d  In  0 .01# OSO4  In K e l l e n b e r g e r  b u f f e r  ( K e l I e n b e r g e r  e t  a l . ,  
195 8 ) .  The ce l  I pel l e t  was resuspended In  K e l I e n b e r g e r  b u f f e r  and 
r e c e n t r i f u g e d .  Two drops of  t r y p t o n e  s a l t s  s o l u t i o n  and 2# Nobel  
aga r  ( D l f c o )  were added a f t e r  t h e  t u b e  had been p la c e d  In  a 47°C  
w a t e r  b a th .  The a g a r - c e l I  suspens ion  was p iaced  on a gI  ass sI  Id e ,  
al lowed t o  s o l i d i f y  and cut  In to  small cubes. The sample was post­
f ix e d  In 1# OSO4  ove rn igh t  a t  room temperature.  S ta in ing  was c a r r ie d  
o u t  In  0.5# urany I a c e t a t e  In  K e l l e n b e r g e r  b u f f e r  f o r  2 h. The 
samples were dehydrated w i th  Increasing concentrations of ethanol and 
w ere  embedded In  S p u r r ’ s low v i s c o s i t y  r e s i n  ( S p u r r ,  1 9 6 9 ) .  Th in  
sect ions were pos t -s ta in ed  In 0.5# uranyl ace ta te  In methanol f o r  15 
mln t o  1 h and t h e n  In 0 .4#  lead c i t r a t e  f o r  1 t o  5 mln (Reyno lds ,  
1963) .
For negative  s ta in s ,  the  c e l l  samples were added t o  pa r lo d lan -  
c a r b o n -c o a t e d  2 0 0 -mesh copper g r i d s ,  and were  s t a i n e d  In 1 # 
phosphotungstlc ac id  f o r  1 mln. All  prepara t ions  were photographed
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In a JEOL JEM 100S e le c t ro n  microscope.
A good p o r t i o n  o f  t h e  e l e c t r o n  m ic ro g ra p h s  w ere  ta k e n  by Dr. 
David B a lk w l l l  or Melissa Rochklnd of  t h i s  department.
Ind.M.c.t.I.on Assay. o ±  B-Galactosldase M  T r yptophanase
Cultures were Induced fo r  B -ga lactos Idase and tryptophanase by 
the  a d d i t io n  of lactose and tryptophan d i r e c t l y  In to  the  fe rm enta t ion  
vessel ,  so the  f in a l  concentrat ions In the  fermentor  vessel was 10”^ 
M and 1.5 X 10” ^ M, r e s p e c t i v e l y .  B - g a I a c t o s I d a s e  a c t i v i t y  was 
measured as d e s c r ib e d  by M i l l e r  ( 1 9 7 2 ) .  The amount o f  enzyme  
d e te r m in e d  In  t h e  assay was c o r r e c t e d  f o r  c u l t u r e  t u r b i d i t y  and B-  
gal a c t o s l  dase was r e p o r t e d  as t h e  amount of  enzyme t h a t  w i l l  
hydrolyze 10“ ^ mol (mln)”  ^ of  ONPG a t  28°C. Tryptophanase a c t i v i t y  
was determined by the  method of B l l e z l k l a n  e t  a l .  (1967).  Samples of  
0.4 m I were  del I v e r e d  I n to  ch 11 I ed t e s t  tu b e s  c o n ta I  n I ng 0.2 ml of  
to luene,  and the  tubes were shaken v igorous ly  and kept a t  0°C u n t i l  
a l l  samples had been c o l le c te d .  Samples were.then vortexed and warmed 
a t  37°C fo r  15 mln. The reac t ion  commenced by the  a d d i t io n  of  0.2 ml 
of  a warm s o l u t i o n  c o n t a i n i n g  1.0 mg L - t r p  and 30 mg o f  p y r ld o x a l  
phosphate In 0.12 M TrIs-HC1 b u f fe r ,  pH 7.5. The tubes were vortexed  
and Incubated fo r  1 h before  the  reac t io n  was stopped by the  a d d i t io n  
o f  1 . 8  ml of  Ehr I I ch's r e a g e n t  con ta  I nl ng 5 p a r t s  o f  5% p -d I methy I -  
amlno-benzaledhyde In 95# ethanol and 12 par ts  of acid alcohol ( 8  ml 
cone H2 SO4  In  100 ml e t h a n o l ) .  The O.D. was read  a t  568 nm a f t e r  30 
mln and t h a t  v a l u e  was m u l t i p l i e d  by 0 .054  t o  g I ve t h e  p mol es of
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Indole formed. An enzyme u n f t  was determined as the amount of  enzyme 
t h a t  produces 1 urn mole of  Indole mln- 1 . Indole In the  f i l t r a t e  was 
q u a n t i f i e d  by s imply  d e le t in g  t h e  s u b s t r a t e ,  L - t r y p t o p h a n  f rom th e  
reac t ion  mix ture  and fo l low ing  the  same procedure.
P a r t i c l e  Counts
Samples drawn from the  fermentor were f ix e d  In 0.15  ^ p r e f l l t e r e d  
formaldehyde and d i l u t i o n s  were counted w i th  a Coulter  Counter, model 
ZB1, f i t t e d  w i t h  a 30 pm o r i f i c e ,  and connected  t o  a 100 window 
channel I z e r  w i th  an X-Y recorder.  The s e t t in g s  were: manometer, 100 
pi; matching sw itch ,  40K; amperature c u r r e n t - 1 , 0.25; and 
amperature- 1 , 0 .3 5 4 .
Lysogeny o f  JL. c_ol_L .NEJ61 
S t r a l n  NF161 was ly s o g e n lz e d  w i t h  X phage, by g ro w in g  t h e
Q
organisms a e r o b ic a l l y  fo r  18 h In n u t r i e n t  broth con ta in ing  ca. 10 
X phage p a r t i c l e s  per ml. The organism was then subcultured t w ic e  
on n u t r ie n t  agar and Iso la te d  colonies were selected by t h e i r  a b i l i t y  
t o  Induce X phage upon exposure  t o  UV l i g h t  ( W l t k l n ,  1976 ) .  The 
phage was q u a n t i f i e d  by the  s o f t  agar overlay  procedure. This assay 
c o n s is te d  o f  p i p e t t i n g  0.1 ml o f  a v i r u s  d i l u t i o n  made In m in im a l  
broth on t o  a p e t r l  dish conta in ing n u t r i e n t  agar and over lay ing  the
Q
v i ru s  s o lu t io n  w i th  molten agar conta in ing 0.8$ agar and ca. 1 X 10 
E. col I CSH22, a lambda-sensit ive  s t r a i n .
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A n alysls ot H J tm te  U ra l l umbers
The response of a phase 3 c u l t u r e  of NF161-lambda t o  a pulse of  
n a l i d i x i c  a c i d  and t o  a subsequent  p u ls e  o f  N’ m e t h y I - N ’- n I t r o - N -  
n I t r o s o g u a n I d I n e  was d e te r m in e d  by assaying v i r a l  p a r t i c l e s  In the  
f  I I t r a t e  m ate r ia l  w i th  the  agar o v e r l a y  p ro ce d u re .  N a l i d i x i c  a c id  
was commonly added d i r e c t l y  t o  the  fermentor  reac t ion  vessel making 
the  I n i t i a l  concentra t ion  In the vesse l ,  15 u g ml“ ^ .
S ta rv a t io n  s d  Plias.e Jh.r.e.e .C,el_l.s
The response o f  a phase 3 p o p u l a t i o n  o f  col I t o  t o t a l  
s t a r v a t io n  condit ions  was determined by shu t t in g  o f f  the  media Input  
pump and analyz ing subsequent, t imed samples by p l a t e  counting and 
e lec t ro n  microscopy.
Treatment o f  Cel Is with Chloramphenlco.l
In order t o  e lu c id a te  the  number of c e l l s  In the  D period of  the  
b a c te r ia l  c e l l  cyc le ,  fermentor samples of  s t r a in  NF161 were t re a te d  
w i t h  c h lo r a m p h e n ic o l  (M Ixakaw a  e t  a l . ,  1980) .  One ml samples were  
removed from the  fermentor and d i lu t e d  1:10 In DMM conta in ing:  200 
y g  m l“  ^ c h lo r a m p h e n ic o l ;  5 mg m l”  ^ g lu c o s e ;  and 100 ;ig m l -  ^ o f  
a r g i n i n e  and meth I on I ne. One ml o f  t h a t  d I I u t l  on was I mmed I a t e  I y 
f ix e d  In 1/& formaldehyde as the  co n t ro l ,  and the  remaining so lu t ion  
I ncubated on a r o t a r y  shaker  a t  30°C  f o r  up t o  3 h, a t  w h I ch pol n t  a 
1 ml a l iq u o t  was f ix e d  In formaldehyde. All  samples were counted In
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a c o u l te r  counter and the  In c r e a s e  In c h lo ra m p h e n ic o l  t r e a t e d  cel  I 
numbers In r e l a t i o n  t o  control  c e l l  numbers c l a s s i f i e d  as the  % of D 
period c e l l s .  Actual p a r t i c l e  counts per 100 u l  were kept between 
10 ,000  and 3 0 ,0 0 0  as a n e g l i g i b l e  c o i n c i d e n c e  c o r r e c t i o n  occurs  
w i t h i n  t h i s  c o u n t in g  range .  A c o n s id e r a b l e  amount o f  e l e c t r o n i c  
n o is e  or  n o n - b a c t e r l a l  p a r t i c l e s  were  detected In both the  control  
and e x p e r im e n t a l  sam ples ,  bu t  no c o r r e c t i o n  was necessary  because  
t h i s  background was the  same In both samples.
RESULTS
Behavior a ±  col I £  .and JL. col I H1.010.7. I n  ±he  
Recycling Fermentor
Growth o f  col  I B I n t h e  r e c y c l  I ng f e r m e n t o r  a t  a GPR o f  390  
y moles h” * Is  shown In F i g u r e  6  A and B. Phase one g row th  shows a 
lag p e r io d  f o l l o w e d  by e x p o n e n t i a l  g ro w th .  When t h e  g lu c o s e  
concent  r a t  I on I n t h e  f e r m e n t o r  medium f a l l s  below 0.1 y g  m I , t h e  
t r a n s p o r t  I I m 11 o f  £*. col  I (Chesbro e t  a I . ,  1 97 9 j Shehata  and M a r r ,  
197 1 ) ,  phase one ends and phase tw o  beg in s .  In t h i s  second phase,  
the  growth r a t e ,  dxdt- 1 , Is  constant  and Is d i r e c t l y  proport ional  t o  
GPR. W ith  E. col  I B, phase tw o  ends a t  a c r i t i c a l  s p e c i f i c  grow th  
r a t e  (ca.  0 .025 h” ^> a f t e r  2 2 - 2 4  h have e la p s e d  and phase t h r e e  
commences. The g row th  r a t e  drops t o  a new, lo w e r  val  ue which then  
remains constant  f o r  a t  l e a s t  150 h. The s p e c i f i c  growth r a t e ,  y , 
f a l  I s c o n t l  nuous I y t h r o u g h o u t  phase tw o  and phase t h r e e ,  and si  nee 
mass d o u b l in g  t i m e  In th e s e  phases o f  l i n e a r  g row th  Is  t h e
doubling t ime Increases continuously .
F i g u r e  6  A and B a l s o  show changes in CFU, b iomass,  RNA, DNA, 
and prote in  before and a f t e r  phase th ree  c e l l s  were subjected t o  an 
u p s h i f t  In GPR. The u p s h i f t  was Imposed by quadrupling th e  f low r a te  
of medium I n t o  t h e  f e r m e n t o r  (FR),  i n c r e a s i n g  t h e  GPR from 390  
U m o l e s  h“  ^ t o  1 5 5 2  P m o l e s  h” ^. D u r i n g  p h a s e  t w o ,  t h e  
c o n c e n t r a t i o n s  of  DNA, RNA, and p r o t e i n  in c r e a s e s  In c o n s ta n t
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F l gure 6 A ( t o p ) :  Changes In RNA, DNA, and p ro te in
during 3 phases and 4X u p s h i f t  
of iL». .0 .0 . I I  B.
Changes In RNA ( TS3 ) ,  DNA ( ) ,  and prote in
( W i  ) concentra t ions of  JL. col I B grown In a r e -  
cyc l lng  fermentor pH 7 . 0 ,  30°C, and a t  a GPR of  
390 ymole h“ ^ . Arrow Ind ica tes  change In c e l l  
parameters when GPR was s h i f t e d  t o  1550 ymole h“ ^ .
F igure  6 B (bottom):  Changes In mass and CFU during
3 phases and 4X u p s h i f t  of  
JLl £ftJ_L b.
Changes In CFll ( ®  ) and mass ( t  ) .  ( I d e n t i c a l  
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HOURS
4x upshift
Figure 6 A ( to p )  and Figure 6 B (bottom)
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p r o p o r t ! on. At  t h e  o n s e t  o f  phase t h r e e ,  t h e  r a t e s  o f  s y n t h e s i s  o f  
these parameters decrease, but not In proport ion t o  one another and 
th e  cel  Is  become Im p o v e r is h e d  In RNA as I t s  s y n th e s is  drops by 80$ 
from I t s  phase two r a t e  In comparison.
For the  f i r s t  6  h a f t e r  the  f o u r - f o l d  u p s h i f t ,  the  c e l l  d iv is io n  
r a t e  was Increased about 1 3 - fo ld  and the  r a t e  of biomass Increase was 
ra ised about 7 - f o l d ,  g re a te r  than t h e i r  Immediate ly  p r e s h i f t ,  phase 
th ree  values. However, the  r a t e  of biomass Increase was very nearly  
four  t imes I t s  phase two value.  Pro te in  synthesis Increased 5 - f o ld  
and t h e  r a t e  o f  RNA s y n t h e s is  about  4 0 - f o l d .  The In c r e a s e  In t h e  
r a t e  of DNA synthesis  was r e l a t i v e l y  modest, about 2 - f o l d j  however,  
a f t e r  10 h, I t s  r a t e  o f  s y n t h e s is  doubled.  DNA per u n i t  biomass  
Increased during phase th re e  as RNA per u n i t  biomass decreased (Table  
4) .  S i x  h p o s t - u p s h I  f t ,  th e s e  r a t i o s  r e t u r n e d  t o  phase tw o  l e v e l s .  
Ten h p o s t - u p s h I  f t ,  t h e  r a t e s  o f  RNA s y n t h e s i s ,  cel  I d i v i s i o n ,  and 
growth commenced f a l l i n g ,  apparent ly  toward asymptotes.
F i g u r e  7 shows t h e  grow th  p a t t e r n  o f  £ *  col I H10407 In t h e  
r e c y c l  1 ng f e r m e n t o r  a t  a GPR o f  412 j jmoles h” ^. The most s t r i k i n g  
d i f fe r e n c e  from the  p a t te rn  observed w i th  the  B s t r a in  Is the  length 
of phase tw o ,  h e re  be ing  c l o s e  t o  50 h. When H10407 was grown a t  
d i f f e r i n g  GPR, the  growth ra tes  In phase two and th re e  were dependent 
on GPR, b u t  t h e  l e n g th  o f  phase tw o  rem a in ed  f i x e d  a t  50 h ( E l f e r t ,  
197 9 ) ,  as I t  had rem a in ed  f i x e d  a t  2 2 - 2 4  h, d e s p i t e  changes In GPR 
and growth r a t e  fo r  ^  col I B (Chesbro e t  a I . ,  1979) .
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TABLE 4. Change In c u l t u r e  parameters when a phase th ree  c u l tu r e  of  
Escher ichia  col I B was exposed t o  a f o u r - f o l d  Increase In GPRa
Phase of DNA/BIomass RNA/Blomass
Growth Ratio** R a t Iob
Phase 1 ,2  
turnover  point
0 . 0 2 2 0 . 2 1
Phase 2 ,3  
turnover  point
0 .034 0 .18
Phase 3 p r io r  
to  u p s h i f t
0 .040 0 . 1 0
Six  h
post-upshI f t




aThe glucose prov is ion r a t e  was 390 j imole h a t  an Fp of 58 ml h“ ^. 
At 45 h I n to  phase t h r e e ,  Fp was I ncreased t o  216 m I h” . Phases 
are def ined In the  t e x t .
^Ratios are  ca lc u la te d  from F igure 6  A and B.
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F l gure 2 :  3 phase growth of £*. col 1 H10407.
Growth of  Escher ichia  col I H10407 In a recyc l ing  
fermentor a t  pH 7 . 0 ,  30°C, and a GPR of 412 p moles 
glucose h“ ^.
20  30  40
HOURS
Figure 7
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Accumulatlon o f  Cy c l I c  Adenosine 5 ' . 5 '-Monophosphate
At the  t im e  the  c e l l s  en te r  phase two, the  glucose concentrat ion  
In  t h e  f e r m e n t o r  Is  lo w e r  th an  1 ug m l” '* a n d , t h e  PTS system In E. 
col I Is very l i k e l y  unsaturated (Chesbro e t  a l . ,  1979).  At t h i s  phase 
t r a n s i t i o n  po in t ,  and t h e r e a f t e r ,  B-ga lactos ldase Is f u l l y  Inducib le  
(Evans,  1978) .  Both c o n d i t i o n s  I n d i c a t e d  t h e  presence  of  e l e v a t e d  
l e v e l s  of  cAMP In t h e  ce l  I s ,  once phase tw o  was e n t e r e d .  F i g u r e  8  
shows t h e  t o t a l  cAMP l e v e l s  In  t h e  c u l t u r e  ( b o t h  I n t r a  and  
e x t r a c e l l u l a r )  th r o u g h o u t  t h e  phases. When t h e  cel  Is  e n t e r  phase 
t w o ,  t h e  basal l e v e l  o f  cAMP In c r e a s e s  5 - f o l d  and th e n  f a l l s  
t h r o u g h o u t  t h e  phase, l e v e l  Ing a t  abo u t  t w i c e  t h e  basal l e v e l .  At  
t h e  o n s e t  of  phase t h r e e ,  t o t a l  cAMP r e t u r n s  t o  a l e v e l  s i m i l a r  t o  
t h a t  seen a t  the  beginning of phase two and then again f a l l s .
Accumulation o f  .Guanos 1 ne Tetr.ap.hospJia±s
The changes In RNA and p r o t e i n  s y n t h e t i c  r a t e s  a t  t h e  e n t r y  o f  
the  c u l t u r e  In to  phase th ree ,  t h e i r  r e l a t i v e  proport ions during phase 
th ree ,  and t h e i r  changes a f t e r  the  u p s h i f t  resemble s i m i l a r  changes 
In many s t r a i n s  o f  E. col I d u r in g  c a r b o n -e n e r g y  s h i f t s  ( G a l l a n t ,  
1 979; NI e r  I I ch,  1 978 ) .  Such changes have been show n t o  be c I ose I y 
assoc I a t e d  w I t h  cel  I u I a r  I eve Is  o f  ppGpp (GaI I a n t ,  1979;  N I e r I I c h ,  
1978) .
Radioautographs of form ic  acid e x t r a c ts  of  c e l l s  from the  th ree  
phases and a f t e r  a 4 X u p s h i f t  In GPR ( F i g u r e  13 A) I n d i c a t e d  t h a t  
ppGpp c o n c e n t r a t i o n s  In c r e a s e d  m arked ly  above t h e  basal l e v e l s  o f
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F l gure fi: cAMP lev e ls  In .£* col I B.
Total leve ls  o f  3 2 P - la b e l le d  cAMP ( •  ) In a 
c u l t u r e  of £ *  col I B grown In a recy c l In g  f e r ­
mentor a t  pH 7 . 0 ,  30°C, and a GPR of  1250 
nmoles h“ 1 . Growth represented as K l e t t  un i ts
( O  ).
2-5 1000
20 800
600  “ •toLU
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phase one In both phases tw o  and t h r e e ,  and were s t i l l  above t h e  
basal level In the  upshlf ted  c e l l s .  The chromatograms a lso  revealed  
the  presence of  l i t t l e  or no guanos I n e - 5 ' - t r  I phosphate-3'-d I phosphate 
(pppGpp), the  precursor of ppGpp when I t  Is  synthesized by the  re l  A 
gene product during amino acid  s h o r t f a l l ,  nor was pppGpp detec tab le  
In t w o - d i m e n s i o n a l  chromatograms of  the  e x t rac ts .  Two-dimensional  
chrom atogram s,  though ,  d id  v e r i f y  t h e  presence  o f  guanoslne  
te traphosphate  (ppGpp).
F i g u r e  9 shows t h e  c o n c e n t r a t i o n  of  ppGpp In t h e  cel  I mass a t  
d i f f e r e n t  t im e s  In t h e  t h r e e  phases and a f t e r  a 4X u p s h i f t  In  GPR. 
The level of ppGpp In phase two was double I t s  level In phase one and 
seemed t o  Increase s l i g h t l y  throughout the  phase. I t s  concentrat ion  
near ly  doubled again In phase th re e  c e l l s ,  then returned c lose t o  I t s  
e a r ly  phase two level Immediately a f t e r  the  glucose u p s h i f t .
Growth P a t t e r n  o f  Rel A. Re IX .  and Spol  S t r a l  ns f i i  col  I I n  th.9
Recyc11ng Fermentor
I f  ppGpp Is  t h e  d e t e r m i n a n t  o f  t h e  phase tw o  t o  phase t h r e e  
t r a n s i t i o n  In the re c y c l in g  fermentor,  mutations In the  re l  A and r e  IX 
l o c i ,  which produce a decreased a b i l i t y  t o  accumulate ppGpp, should 
cause a longer  phase tw o  and a d e la y  In t h e  appearance  of  phase 
th ree .  Conversely,  mutat ions In the  spoT locus, which d imin ish ppGpp 
degrading c a p a b i l i t y  should br ing about a more rap id  accumulation of 
ppGpp, th u s ,  a c c e l e r a t i n g  t h e  appearance  o f  phase t h r e e  and 
s h o r t e n i n g  phase tw o .  Thus, t h e  c e l l u l a r  l e v e l  of  ppGpp Is  t h e  
summation of the  a c t i v i t i e s  of these gene products.
Figure 9; ppGpp lev e ls  In JL. g a l l  B.
Guanoslne t e t r a  phosphate leve ls  (h ls tograph)  In 
Escher ichia col I B growing In a recyc l ing  
fermentor a t  a GPR of  1250 nmoles glucose h"^ 
u n t i l  s h i f t e d  t o  4800 jjmoles glucose a t  45 h. 
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E. c o l I  s t r a i n s  m u ta te d  In  t h e  ppGpp r e g u l a t o r y  l o c i  were  
obtained from J. G a l l a n t  a t  the  U n iv e rs i ty  of Washington, and t h e i r  
grow th  In  t h e  f e r m e n t o r  exam ined .  The p e d ig r e e  of t h e  s t r a i n s  Is  
shown In  F i g u r e  10. The grow th  p a t t e r n s  o f  f i v e  c o m b in a t io n s  o f  
these mutants are shown In F igure  11. The mutant loci a f fe c te d  the  
g row th  phase p a t t e r n  In  t h e  r e c y c l I n g  f e r m e n t o r  by l e n g t h e n in g  or  
shortening phase two In a manner exac t ly  p r e d ic ta b le  from the  r o le  
t h e i r  products play In th e  synthesis and degradat ion of  ppGpp, thus,  
t h e  s u p p o s i t i o n  t h a t  I t  I s  t h e  a c c u m u la t io n  o f  ppGpp t h a t  b r in g s  
about phase th ree  growth. That Is,  the  f a s t e r  ppGpp accumulates In 
t h e  c e l l s  as t h e  r e s u l t  o f  t h e  a c t i v i t y  o f  t h e  r e l A + , r e l X + , and 
r e lS + products, the  sooner w i l l  the  level be reached t h a t  I n i t i a t e s  
phase th re e  by r e s t r i c t i n g  t r a n s c r i p t i o n  of rRNA.
S t r a in  NF1035 ( re lA ,  r e lX ) ,  although I t  r e t a in s  some c a p a b i l i t y  
f o r  ppGpp s y n t h e s is  (Pao and Gal l a n t ,  197 8 ) ,  has t h e  most s e v e r e l y  
r e s t r i c t e d  c a p a b i l i t y  f o r  ppGpp p r o d u c t io n .  T h is  r e s t r i c t e d  
s y n t h e s i z i n g  a b i l i t y  coupled  w i t h  I t s  possess ion  o f  an a c t i v e  
ppGppase led t o  the  exp ecta t ion  t h a t  I t  would e i t h e r  have the  longest  
phase tw o  o f  any s t r a i n  s t u d i e d ,  or  would no t  e n t e r  phase t h r e e  a t  
a l l .  I t  d id  e n t e r  phase t h r e e  a f t e r  t h e  l o n g e s t  phase tw o  y e t  
observed, suggesting t h a t  ppGppase a c t i v i t y  was u l t i m a t e l y  depressed 
enough by e i t h e r  energy  d e f i c i e n c y ,  or  a c c u m u la t io n  of  uncharged  
tRNA, or  b o th ,  t o  p e r m i t  an a c c u m u la t io n  o f  ppGpp t o  t h e  le v e l  
necessary fo r  phase th re e  growth behavior t o  begin.
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F l gure 10 ; Pedigree of £*. col I re  I mutants.
Pedigree of  the  mutant s t r a in s  shown In F igure  11.
-61*
P1_(PA.2-3 1 )  X NF-53  > P K P A ^ -31) x NF-53
( s e l e c t  f o r  thyA+argA re lA + ) ( s e l e c t  f o r  thyA+ argA r e lA l)
*
NF-161
(F“ metBl re lA + argA52 spoT lA *\)
1
NF-162
(F“ m etBl r e lA l argA52 spoTlX'X)
NF-25**
(metB argA pyrE SpoTl re lA + )
V
  ------  NF-809
(r e lA + r e lC + spoT+ )
NF-859
x  .4.
(metB argA relA  spoT )
CP-79 * - - - a
NF-1Q35- 
(r e lA ' r e lX -  spoT+ )
NF-859X
(metB argA? r e lA l  spoT+ fu c ” )
*"by NMG m u tagen esis  and p e n i c i l l i n  enrichm ent
2P1(NF-809) x NF-26**- 
( s e l e c t  pyrE+ spoT+ )
■^transduction o f  th e  r e lA ” a l l e l e  w ith  arg + from  th e  r e lA -2  s t r a in
Figure 10
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F l gure 11 ; 3 phase growth of f i v e  £*. col I re l  mutants.
Growth of a w i ld  type and re l  system mutants of  
E. col I In a r e c y c l in g  fermentor a t  pH 7 . 0 ,  30°C.
From top t o  bottom, the  c u l tu re s  and respe c t ive  
GPR In y moles glucose h“ ^, were NF161 ( spoT) .
416, NF162 (££]_ A1, spoT) . 408; NF859 (w i ld  t y p e ) ,
433, NF859X ( r e l  A1),  416; and NF1035 ( r e l  A1, 
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Ffgure 12 shows the  changes In RNA synthesis during the  growth  
of s t r a in s  NF161 and NF1035, which had the  longest and shortes t  phase 
two growth I n t e r v a ls ,  r e s p e c t iv e ly .  The abrupt decrease observed In 
RNA synthesis  a t  th e  phase two/phase th ree  t r a n s i t i o n  was cons is ten t  
w i t h  t h e  exp e c te d  e f f e c t  o f  an In c r e a s e  In ppGpp c o n c e n t r a t i o n  a t  
t h a t  t i m e .  The o t h e r  s t r a i n s  showed s i m i l a r  changes In  RNA 
synthesls .
The e f f e c t  of  t h e  I n d i v i d u a l  lo c i  upon t h e  leng th  o f  phase two  
Is  shown In T a b le  5.  The le n g th  o f  t h e  phase Is  a f f e c t e d  In  a 
r e m a r k a b ly  p r e c i s e  way by t h e  a l l e l e s  o f  r e l A + , r e l X + , and spoT+ 
genes. A change In  t h e  spoT locus has about  t h r e e  t im e s  t h e  e f f e c t  
upon th e  length of phase two t h a t  a change In the  r e lX  locus has and 
about four t imes t h a t  of a change In the  r e lA  locus. The re lA +
 > re l  A change lengthens phase two by 11-12 h; th e  r e l X + --------------- >
r e l X  change len g th e n s  I t  by 15 h, and th e  spoT+ ------------ > spoT change
shortens I t  by 44-45 h. However, changes In the  loci had no apparent  
e f f e c t  o f  Ya In phase tw o  g ro w th ,  which c l u s t e r e d  ab o u t  an ave rag e  
f i g u r e  of 0.016 mg c e l l  dry weight  ymole glucose"^. There did seem 
t o  be a t rend In Yg va lues fo r  phase th ree  growth t h a t  was Inverse ly  
c o r r e la te d  w i th  the  length of phase two: Yg fo r  phase th re e  decreased 
f rom  0 .007  mg ce l  I dry w e i g h t  j imole g lu c o s e ”  ^ f o r  s t r a i n s  NF161 t o  
0 .005 mg c e l l  dry weight  ymole glucose fo r  s t r a in  NF1035.
The r a t e  o f  change o f  v a r i o u s  c u l t u r e  p a r a m e te r s  Is  shown In 
Table  6 . These data In d ic a te  t h a t  phase two Is a period of balanced 
g row th  w i t h  DNA, RNA, p r o t e i n ,  b a c t e r i a l  dry w e i g h t  and b a c t e r i a l
- 6 5 -
Flgure  1 2 ; Accumulation of RNA In two £_*. col I
re l  mutants.
Accumulation of  RNA by £*. col I ( A  ) NF161 and 
( ©  ) NF1035 In the  experiments shown In F igure  11.
.1...... ............. .... L ...  I     _J L
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TABLE 5. A pparent  g ro w th  y i e l d s ,  Yg, and le n g th s  o f  t h e  phase tw o  
growth In te rv a l  for  th e  Escherichia col I s t r a in s  of known re l  system
genotype
Increase or decrease 
S t r a in  Yg Length of In length (h)  of phase 2
(mg biomass umole Phase 2 (h) associated with  
glucose ) mutant a l l e l e
Phase 2 Phase 3 re lA l  spoT1 re  IX
NF161




( w i ld
type)
NF859X 
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— 1 —1TABLE 6 . Rate of  change of parameter expressed as y g ml h 1 from
experiments In F igure  11.
Organism Phase Dry Wt Prote ln RNA DNA B a c te r ia l
Numbers3
NF161 2 18.0 1 1 . 0 1 . 2 1 . 0 5 .4
3 7.1 4 .0 0 .5 0 . I -
NF162 2 14.0 9.0 1 .3 NDb 8 . 1
3 7 .0 3.1 0 . 6 ND 0 . 2
NF859 2 15.0 8 . 6 1 . 6 ND 4.0
3 6 . 1 3 .0 0 . 6 ND 0.3
NF859X 2 12.7 ND 1 .9 ND 4.4
3 5 .0 ND 0 .5 ND 0 . 1
NF1035 2 14.3 9.0 1 . 1 0 . 6 3 .7
3 5 .0 5 .2 0 . 2 0 . 1 -
aExpressed as percent  Increase In parameter per h. 
bNot determined.
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numbers I n c r e a s i n g  a t  c o n s t a n t  r a t e s  w i t h  r e s p e c t  t o  each o t h e r ,  
r e g a r d l e s s  o f  t h e  le n g th  o f  t h e  phase. As t h e  cel  Is  e n t e r  phase 3 ,  
t h e  r a t e s  o f  m a c ro m o le c u le  a c c u m u la t i o n  d i f f e r  In  r e s p e c t  t o  each 
o t h e r ,  r e f l e c t i n g  an unbalanced grow th  s t a t e .  B a c t e r i a l  numbers 
In c r e a s e d  e x p o n e n t i a l l y  In phase one, then  became l i n e a r ,  or  
approximately  so In phase two. At the  onset of phase th re e ,  the  ra te  
of Increase f e l l ,  but remained above zero  In most cases as f a r  as our 
level of de tec t ion  could d iscern.
The f a c to r  c r i t i c a l  t o  the  phase t w o / t h r e e  s h i f t  appears t o  be 
t h e  s p e c i f i c  g row th  r a t e ,  y . Chesbro e t  a l .  ( 1979 )  found t h a t  t h e  
length of phase two Is Independent of growth r a te ;  changes In the  GPR 
only a f fe c te d  the slope of the  l in e  In both phases two and th ree ,  and 
t h a t  t h e  t w o / t h r e e  t u r n o v e r  p o i n t  o c c u r re d  a t  t h e  same s p e c i f i c  
grow th  r a t e  (Chesbro e t  a l . ,  1979) .  The phase tw o ,  t h r e e  p o i n t ,  
s p e c i f i c  g row th  r a t e s  f o r  t h e  r e l  m u tan t  s t r a i n s ,  E. col I B and 
H10407 are  l i s t e d  In Tab le  7.  A p a r t i c u l a r l y  s t r i k i n g  observat ion Is 
t h a t  £*. col  I B and t h e  H10407 s t r a i n s  possess t h e  same s p e c i f i c  
grow th  r a t e  a t  t h e  phase t w o , t h r e e  t u r n o v e r  p o i n t  as s t r a i n s  NF162 
and NF859, re s p e c t iv e ly .  E. col I B and the  H10407 s t r a i n  a lso  showed 
phase tw o  le n g th s  c o r r e s p o n d in g  r e s p e c t i v e l y  t o  t h e  NF162 ( r e l A ,  
spoT) and NF859 (w i ld  type) s t r a in s ;  th e  same Yg fo r  phase two as the  
NF s t r a i n s ;  and t h e  same Yg f o r  phase 3 ,  r e s p e c t i v e l y ,  as NF162 and 
NF859 (F igures  6 B, 7 ,  1 1 ) .
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TABLE 7. S p e c i f i c  g ro w th  r a t e s  ( u ) (X-  ^ d x d t - ^; mg biomass  
Increment mg”  ^ biomass h- ^) a t  phase tw o , th re e  turnover  po in t
S t ra in U
9£jL .coJJ NF161 0.030
a£ , col 1 NF162 0 . 0 2 2
aLr. ■CpJl. NF859 0 . 0 1 2
a£ju .co.L.1. NF859X 0 . 0 1 1
a£». coll . NF1035 0 . 0 1 1
b£ . .cloU. B 0.024
c£ * CO I f H10407 0 . 0 1 2
C a l c u l a t e d  from F igure 11.  
^Calculated from F igure 6  B. 
C a l c u l a t e d  from F igure  7 .
- 7 1 -
I t m  EelA Phenotypes M  Escherichia colJ £  and H1DAQZ
The absence of pppGpp from radloautograms of E. col 1 B suggested 
t h a t  t h e  r e l A  gene p ro d u c t  system which s y n t h e s iz e s  ppGpp as an 
In te rm ed ia te  was not a c t i v e  In t h i s  s t r a in .  A t e s t  was made of a l l  
t h e  s t r a i n s  s t u d i e d  by t h e  method o f  Engel e t  a l .  ( 1 9 7 9 )w h lc h  
s u b j e c t s  c e l l s  s i m u l t a n e o u s l y  t o  energy and amino acid  s ta rv a t io n .  
The r e s u l t s  are shown In F igure 13 B.
A carbon-energy downshif t  of the  s o r t  Imposed by the  recyc l ing  
f e r m e n t o r  s u b j e c t s  t h e  cel  Is  t o  both an energy s h o r ta g e  and amino  
a c i d  s t a r v a t i o n  as t h e  sup p ly  o f  g lucose -der ived  In te rm ed ia tes  per 
c e l l  dwindles. The resemblence of the growth pa t te rn  of E. col I B In 
the  fermentor  t o  t h a t  of s t r a in  NF 162 ( r e l A l ,  spoTD, and of s t r a in  
H10407 t o  s t r a l  n NF859 ( r e l  A+ , r e l X + , spoT+ ) Ied t o  t h e  e x p e c t a t i o n  
t h a t  each p a i r  of s t r a in s  should show corresponding behavior In the  
a c c u m u la t i o n  o f  pppGpp and ppGpp when t e s t e d  by t h e  p ro ce d u re  of  
Engel e t  a l .  (1979). F igure  13 B shows t h a t  £*. col I H10407 and NF859 
produced both nuc leot ides ,  whereas col 1 B produced only ppGpp as 
d id  NF162 and NF859X ( r e l A D .  S t r a i n  NF161 ( r e l A + , spoT) which Is  
Isogenic w i th  NF162, produced a small but de tec tab le  amount of  pppGpp 
In a d d i t io n  t o  ppGpp.
The resemblance of the  growth pa t te rn  of  IL. col 1 B t o  the  NF162 
( r e l A ,  spoT) s t r a i n  suggested  t h a t  I t  m ig h t  a l s o  be spoT- . The 
s t a b l  I I t y  o f  ppGpp I n £ *  col  I B was t e s t e d  by t r e a t i  ng phase t h r e e  
c e l l s  w i th  arsenate.  Simple downshif t  In GPR In phase th re e  produced 
r a p i d  c e l l  death  and l y s i s  ( F ig u r e s  16, 17, 18) which was a
-7 2 -
F l gure 15A: Autoradiograph of ^ P - l a b e l e d  nucleot ides
In Escherichia col I B.
Time sequence of one-d!mens!onal chromatography of  
labeled formic acid  e x t r a c ts  from JL. col 1 B 
grown In th e  re c y c l in g  fermentor a t  a GPR of 1250 
y moles h- ^. GPR was s h i f te d  t o  4800 ymoles  
h“  ^ a t  45 h.
F i gure 13B: Autoradiograph of RelA sta tus  t e s t .
70
One-d!mens!onal chromatography of  P - labe led  
formic acid e x t r a c ts  from c e l l s  grown according t o  
the procedure of Engel e t  a l .  (1979 ) .  Nucleotides  
were I d e n t i f i e d  by In te rna l  markers. S t ra in s  from 
l e f t  t o  r i g h t  a re :  E. c o l l  NF161, NF162, NF859, 
NF859X, £L. polymyxa ATCC25901, JL*. typhimurlum. 
col I H10407, P307, and col I B.
I- 7 3 -
r . t
ppf.pp
H  p p ° pp
m  #
8 )?
•  •  •  •
74  7 7 37 36  5
415 46  75
MW407 p 307
Figure 13A (top) and Figure 13B (bottom)
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comp I I c a t io n  t h a t  was avoided by using arsenate  po ls ln lng  t o  c u r t a i l  
t h e  c e l l s ’ energy s u p p l i e s .  T h is  t r e a t m e n t  r e s u l t e d  In  no o v e r t  
lys is  during the  In te rv a l  examined. W h i le  o t h e r  p o ly p h o s p h o r y Ia t e d  
nucleotides declined r a p id ly  In concentra t ion ,  e.g. the  h a l f  l i f e  of  
guanoslne t r iphosphate ,  shown In F igure  14 fo r  comparison, was on the  
o r d e r  o f  3 mln ,  ppGpp had a h a l f  l i f e  ( F i g u r e  14) g r e a t e r  th an  16 
mln. Since ppGpp can have a h a l f  l i f e  or less than one mln In spoT+ 
cel  I s ( F i l l  e t  a I . ,  1 977)  e l  t h e r  E. co l  I B 1 s a I so spoT” , or  a r s e n a t e  
I n h ib i te d  the  ppGpp pyrophosphatase In some way, perhaps by lowering  
the  transmembrane proton g ra d ie n t  which has been suggested (Tetu e t  
a l . ,  1980) as Important t o  the  _Ln v iv o  a c t i v i t y  of  the  enzyme.
Cel I S ize  Determinat ion
The r a t e  of  change o f  c e l l  numbers ( T a b l e  8 ) In  r e l a t i o n  t o  
b a c te r ia l  dry weight  Ind ica ted  t h a t  changes In c e l l u l a r  geometry were 
o c c u r r i n g  In phases tw o  and t h r e e  w i t h  t h e  JL. co l  I NF s t r a i n s .  
Measurements o f  e l e c t r o n  m ic ro g ra p h s  of  n e g a t i v e l y  s t a i n e d  c e l l s  
su p p o r te d  t h i s  o b s e r v a t i o n  ( T a b l e  8  and F i g u r e  15) .  As t h e  c e l l s  
entered t h e i r  resp e c t ive  second phase of  growth the  mean c e l l  length 
diminished. This was fo l low ed  by a gradual Increase In c e l l  s i z e  and 
volume, which lasted th e  remainder of the  experiment.
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F l gure 14 : Nucleot ides In £ *  col I B a f t e r  
arsenate  t rea tm ent .
E f f e c t  of 0 .3  g of potassium arsenate on pools of  
G-4-P ( O  ) and GTP ( •  ) In a recy c l In g  fermen­
t o r  c u l t u r e  of JL». col I B, detected by autoradio­
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F l gure 15; Cel I s izes  of  £*. col 1 re l  mutants
during 3 phase growth.
Cell  s i z e  determinations made from negat ive ly  
sta ined c e l l s  of s t r a in s  NF859 ( 4  ) ,  NF161 ( O ), 
and NF162 ( ®  ) from experiments shown In F igure  
11. V e r t i c a l  bars represent  standard dev ia t ions  
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F l gure 16; Response of  c e l l  numbers and c u l t u r e  
t u r b i d i t y  t o  s ta r v a t io n  o f  jL. col I B.
Response of c e l l  numbers ( O  ) and c u l t u r e  t u r b i d i t y  
( M  ) t o  the  shu to f f  of medium a d d i t io n  pump In a 
phase 3 c u l t u r e  of £ *  col I B. S ta rva t ion  s ta r te d  
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Figure 16
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F l gure 17; E lec t ron  micrographs of  starved E. col I 
B cel I s .
F igure  17A ( top l e f t ) ;  Phase 3 c e l l s  of Escherichia  
col I B 4 h a f t e r  the  n u t r i e n t  f low t o  the  fermentor  
was stopped. Arrows po in t  t o  d iv id in g  c e l l  showing 
I n c i p ie n t  l y s i s .  Adjacent  t o  I t  Is  a t y p ic a l  3 com­
ponent c e l l  ghost.  F igure  17 B,C ( top r i g h t  and 
middle,  l e f t ,  r e s p e c t iv e ly ) ;  represent  c e l l s  4 h 
a f t e r  a n u t r ie n t  s h u to f f .  Arrows po in t  t o  areas of  
possib le  septum d is r u p t io n .  F igure  17 D,E (middle,  
r i g h t ,  and l e f t ,  r e s p e c t iv e ly ) ;  represent  c e l l s  17 h 
a f t e r  a n u t r i e n t  s h u to f f .  Arrows point  t o  areas of  
septum d is r u p t io n .  F igure  17 F shows phase 3 c e l l s ,  
4 h a f t e r  a n u t r i e n t  s h u to f f .  A 3 component cel I 
ghost Is  v i s i b l e  In which the  c e l l  wall  can be seen 
t o  have ruptured In the septal area and cur led back 




TABLE 8 . C e l l  m e a s u re m e n ts  o f  n e g a t i v e l y  s t a i n e d  c e l l s 3
Phase P o s t - 1 n o c u 1 a t  I on § c e 1 1 s mean mean # d i v i d i n g
t i m e m easured 1e n g th  ±  SD w i d t h  ±  SD c e l l s
E a r l y  1 5 70
L m. CQl 1 
2 . 5 5 3  ±
U H & 2 .
0 . 6 0 5 0 . 7 1 7 + 0 . 0 8 3 ND
L a t e  2 25 130 1 . 7 8 5  ± 0 . 4 0 6 0 . 7 1 7 + 0 . 1 0 7 ND
L a t e  3 4 7 . 5 72 2 . 0 3 5  ± 0 . 4 2 5 0 . 8 5 5 + 0 . 0 7 1 ND
E a r l y  1 3 . 5 85
co l  1 
2 . 3 5 7  ±
m e j
0 . 6 6 0 0 . 9 0 0 + 0 . 0 9 2 1
L a t e  2 23 129 1 . 9 8 8  ± 0 . 4 8 6 0 . 8 8 0 + 0 . 1 0 4 8
L a t e  3 5 9 . 5 159 2 . 3 1 5  ± 0 . 6 6 4 0 . 7 8 7 + 0 . 0 8 7 1 0
E a r l y  1 5 39
£.*. c o l  I 
4 . 1 2 5  ± 2 . 3 6 0 0 . 8 8 2 + 0 . 1 2 6 6
Mid 1 7 62 2 . 4 1 9  ± 0 . 7 8 9 0 . 7 9 4 + 0 . 1 1 3 1 0
L a t e  1 1 0 . 5 117 2 . 4 9 9  ± 0 . 6 0 1 0 . 8 1 3 + 0 . 0 9 0 1
L a t e  2 54 90 1 . 7 7 6  ± 0 . 4 8 5 0 . 9 1 6 + 0 . 1  42 5
L a t e  3 9 9 . 5 1 2 1 1 . 8 9 5  ± 0 . 5 5 5 0 . 9 4 2 + 0 . 1 1 2 7
3 D e t e r m I n e d  f rom  e x p e r i m e n t s  In  F i g u r e  1 1 .




- 8 4 -
Flgure 18; E lec t ron  micrographs of  starved and 
upsh I f  ted col I B cel I s.
F igure 18 A ( top ,  l e f t ) :  Phase 3 c e l l s  of E. col I B
4 h a f t e r  a n u t r i e n t  s h u to f f .  Arrows po in t  t o  area  
of sepal d is r u p t io n .  F igure 18 B ( to p ,  r i g h t )  shows 
phase 3 c e l l s  17 h a f t e r  a n u t r i e n t  s h u to f f .  Arrows 
point  t o  another less common area of c e l l  d is ru p t io n .  
Figure 18, C, D (middle,  r i g h t ,  and l e f t ,  respect ­
i v e l y ) ,  shows phase 3 c e l l s  4 h a f t e r  a f o u r - f o l d  
n u t r i e n t  u p s h i f t  of the starved populat ion .  Three 
component ce l l  ghosts are  present,  with arrows a t  
areas l i k e l y  t o  be the points of septum d is ru p t io n .  
Figure 18 E (bottom, l e f t )  shows phase 3 c e l l s ,  4 h 
a f t e r  a f o u r - f o l d  n u t r ie n t  u p s h i f t .  Arrows po in t  to  
d iv id in g  c e l l s  e i t h e r  I n t a c t ,  or p a r t i a l l y  lysed,  
I l l u s t r a t i n g  th e  assymetry of d iv is io n  In phase 3 
c e l l s .  F igure  18 F (bottom, r i g h t )  shows phase 3 
cel Is of JL. col I B a f t e r  a f o u r - f o l d  n u t r i e n t  up­
s h i f t .  Arrows po in t  t o  areas of  In c ip ie n t  septum 
formation.  All  growth parameters the same as F igure  
16. Photo c r e d i t ,  D.L. B a lk w l l l .
F ig u re  18
Glucose Downshifts
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When £ 4  col I Is  subjected + 0  a glucose downshif t  In phase th ree  
by changing the  GPR t o  zero ,  30% of the populat ion d ies w i t h in  th ree  
h a f t e r  t h e  dow nsh I f t .  Th I s I s f  ol I owed by a per  I od o f  I I t t  I e or  no 
f u r t h e r  death which las ts  fo r  approximate ly  24 h. At the te rm in a t io n  
of  t h i s  p a s s iv e  p e r i o d ,  death  b eg ins  a g a in  a t  a r a p i d  r a t e ,  so t h a t  
90% o f  t h e  p o p u l a t i o n  Is  dead a f t e r  a n o th e r  15 h ( F i g u r e  16) .  In a 
r e p e t i t i o n  o f  t h e  e x p e r i m e n t  In  F i g u r e  16 ,  t h e  b e h a v io r  o f  phase  
t h r e e  c e l l s  f o l l o w i n g  a n u t r i e n t  d o w n s h i f t  was s t u d i e d  by t h i n  
sec t ion ,  t ransmiss ion e le c t ro n  microscopy. A c h a r a c t e r i s t i c  pa t te rn  
of  d i s r u p t i o n  was o b s erved .  F ig u r e s  17 A, B, C, D, E, F,  and 18 A, 
C, and D a l  I dl scl  ose ce l  I s t h a t  have been dl s r u p te d  or  "b I o w n -o u t"  
a t  an area of I n c i p ie n t  s e p ta t lo n .
When th e s e  energy  s t a r v e d  c e l l s  w ere  exposed t o  a f o u r - f o l d  
energy u p s h i f t  by quadrupling the  f low r a t e  In to  the  re a c t io n  vessel ,  
t h i n  sections by e le c t ro n  microscopy revealed t h a t  the  now r a p id ly  
d i v i d i n g  c e l l s  showed s ig n s  o f  a s y m m e t r ic  d i v i s i o n  ( F i g u r e  18 E).  
Doubly d iv id in g  c e l l s  a lso  became ev iden t  (F igure  18 F), suggesting 
t h a t  I t  Is  c e l l s  d i v i d i n g  In  t h i s  manner which gave r i s e  t o  t h e  
t r i p a r t i t e  ghosts.
Recycl Ing Fermentor Growth M  BacI11 us pplymyxa
The s t r i n g e n t  response  seems t o  be u b i q u i t o u s  t o  p r o k a r y o t e s  
(Si lverman and A th er ly ,  1979) and thus, I t  was a n t ic ip a te d  t h a t  the  
growth pat te rn  behavior of  £ *  col I In the  re c y c l in g  fermentor  may be
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more g e n e r a l l y  a p p l i c a b l e  t o  b a c t e r i a l  gen era .  To exam ine  t h i s  
hypothesis,  the  organism, Bacl11 us polymyxa. was studied.  To avoid  
complicat ions with s p o ru la t lo n ,  an asporogenous mutant was used.
The growth p a t te rns  observed f o r  E*  polymyxa a t  th re e  pH values  
( F i g u r e  19 A, B, C) co r respond  c l o s e l y  t o  t h a t  observed  f o r  E. col I 
a t  pH 7.0 (Chesbro e t  a l . ,  1979).  There were th re e  successive growth 
phases. The f i r s t  phase was e s s e n t i a l l y  b a t c h - t y p e  g ro w th  which  
reaches exponential  ra tes .  When th e  glucose I n i t i a l l y  In the  growth 
vessel was exhausted and becomes e f f e c t i v e l y  zero ,  the  growth r a te  
became l in e a r  and dependent on th e  GPR. Phase two te rm ina ted  a f t e r  30 
h, and phase t h r e e  began and m a i n t a in e d  I t s e l f  f o r  an I n d e f i n i t e l y  
determined length of t im e .
Consequently,  the  des cr ip t ions  of  the  growth of E t  polymyxa In 
phases tw o  and t h r e e  w ere  t h e  same as th o s e  a p p ly i n g  t o  £ t  col I 
(Chesbro e t  a I . ,  1979;  Arb I ge and Chesbro,  1982) .  Where t h e  growth  
r a t e  Is constant  w i t h i n  a resp e c t ive  phase, the  s p e c i f i c  growth ra te ,  
y  , dec reases  c o n t i n u o u s ly  w i t h i n  phases tw o  and t h r e e ,  w i t h  an 
a b r u p t  decl Ine  In I t s  own r a t e  of  change In t h e  t r a n s i t i o n  between  
phases. A d d i t io n a l ly ,  the  mass doubling t im e  which Is  the  reciprocal  
of y , Increases throughout both phases two and th r e e .
Table  9 shows th e  ta b u la t io n s  of  growth r a te ,  during phases two  
and t h r e e  and f o r  t h e  f i r s t  5 h f o l l o w i n g  a f o u r - f o l d  u p s h i f t  In 
GPR made In  p h a s e th re e  d u r in g  t h e  e x p e r im e n t s  shown In  F i g u r e  1. 
Values of y  and the  mass doubling t im e  a t  the  s t a r t  and end of phase 
two, the  s t a r t  of phase th ree ,  and Immediately before  and a f t e r  the
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F lgure  1 2 :  3 phase growth of Bad. 1.1 JUS P-<?lymy.xa.
Growth o f  B a c i l lu s  polymyxa In a re c y c l in g  fermentor  
a t :  (A) pH 5 . 8 ;  (b)  pH 6 . 2 ;  (C) pH 7 . 0 .  The glucose  
provis ion r a t e  (GPR) was 490 p moles h"  ^ fo r  a l l  
t h re e  runs. The f i r s t  growth phase extended from 0 h 
t o  the  f i r s t  arrow, the  second growth phase extended 
from the  f i r s t  t o  the  second arrow, and th e  t h i r d  
growth phase from the  second t o  the t h i r d  arrow.
At the  t ime correspond Ing t o  th e  t h i r d  arrow, the  
GPR was Increased f o u r - f o l d  t o  1960 p moles h“ ^ .
















F ig u re  19
TABLE 9 .  G rowth  r a t e s ,  s p e c i f i c  g r o w th  r a t e s ,  and mass d o u b l i n g  t i m e s  o f  
B a c I  I I us po lym yxa  g r o w in g  a t  3 pH v a l u e s  a t  3 0 ° C  In  a r e c y c l i n g
f e r m e n t o r  w i t h  e n e r g y  l i m i t i n g
Phase pH
G ro w th  r a t e  
( dX dt  i mg 
b i o m a s s  h
S p e c i f i c  g r o w th  r a t e  
(X  d X d t - ] ;  mg b lomas  
I n c r e m e n t  mg b io m ass  h“ 
s t a r t  end
f )
Mass DoubI Ing  
( h )




5 . 8 6 . 7 5 6 . 0 X 1 0 " 2  2 . 0  x 1 0 " 2 1 6 . 7 4 8 . 3
Z
6 . 2 8 . 2 4 6 . 1 X 1 0 “ 2  2 . 3  x 1 0 " 2 1 6 . 4 4 3 . 7
7 . 0 5 . 9 9 4 . 8 X 1 0 " 2  2 . 0  x 1 0 " 2 2 0 . 7 5 0 . 8
7
5 . 8 2 . 7 5 8 . 4 X 10 " 3  6 . 4  x 1 0 “ 3 119 156
2
6 . 2 3 . 6 0 1 . 1 X 10 " 2  7 . 8  x 1 0 " 3 1 0 0 128
7 . 0 3 . 2 9 1 . 1 X 1 0 ~ 2  7 . 9  x 1 0 " 3 9 2 . 5 127
F o u r f o l d
u p s h I f t a 5 . 8 2 0 . 7 4 . 8 X 1 0 ~ 2  -------- 2 0 . 6 ------
6 . 2 3 0 . 5 6 . 6 X 1 0 " 2  -------- 1 5 . 0 ------
7 . 0 3 8 . 3 9 . 7 X 1 0 " 2 1 0 . 3 ------
a The f o u r f o l d u p s h i f t  was Imposed I n phase 3 ,  ( t h e  v a l u e s  f o r  " e n d " In  phase  3 r e f e r t o
t h e  p e r i o d  I m m e d i a t e l y  b e f o r e  t h e  u p s h i f t ) ,  by I n c r e a s i n g  Fp t o  t h e  f e r m e n t o r  f o u r f o l d ,  
c h a n g i n g  t h e  g l u c o s e  p r o v i s i o n  r a t e  f rom  490  ymol h“ ‘ t o  1 960  y mol h " 1 .
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f o u r - f o l d  u p s h i f t  In phase t h r e e  are  a lso  ta b u la te d .
The growth r a te  Immediate ly  a f t e r  u p s h i f t  va r ied  from 3.0 t o  6.4 
t f  mes t h e  g row th  r a t e  I n phase tw o .  P o s t -u p s h  I f t  va l  ues o f  and
t h e  mass d o u b l in g  t i m e  w ere  v e r y  c l o s e  t o  t h e i r  v a l u e s  a t  t h e
commencement of phase two. Thus, the c e l l s  returned t o  and expressed 
the  po ten t ia l  fo r  growth possessed In phase two, 65 h previous t o  the  
u p s h i f t  when energy f i r s t  became l i m i t i n g ,  r a th e r  than t h a t  exh ib i ted  
Im m e d ia t e l y  p r i o r  t o  t h e  u p s h i f t  In  phase t h r e e .  F i g u r e  20 shows 
concentrations of DNA, RNA, and p ro te in  In the  fermentor during the  
course  o f  t h e  e x p e r i m e n t  a t  pH 6 .2  in F i g u r e  19.  A c c u m u la t io n  of  
these macromolecules remained balanced In t h e i r  p r o p o r t i o n s  d u r in g  
phase two, but upon en try  In to  phase th ree ,  the  r a t e  of RNA synthesis
s lowed more th an  t h a t  o f  t h e  o t h e r  s p e c ie s .  Dur ing  t h e  f i r s t  few
hours of  t h e  u p s h i f t ,  t h e  r a t e  of  RNA s y n t h e s is  exceeded t h a t  of  
pro te in  and DNA synthesis .
To exam ine  t h e  a b i l i t y  of  t h i s  s t r a i n  o f  polymyxa t o  
synthesize the  regu la to ry  guanine nuc leot ides ,  I t  was tes ted  by the  
procedure of Engel e t  a l .  (1979). F igure  13 B shows t h a t  polymyxa 
formed both pppGpp and ppGpp, which corresponds  t o  t h e  b e h a v io r  o f  
re lA+ JL. col I s t r a in s .
Fermentation Behav I or M  IL. polymyxa I n  ±fi§ Fte^yclLng f e o ifitnt -QE
The t h r e e  pH r e a l m s  o f  g row th  o f  B. pol ymyxa ( F i g u r e  19) were  
chosen In  an a t t e m p t  t o  r e v e a l  t h e  e f f e c t  o f  pH per se upon 
behavior In the  re c y c l in g  fermentor w h i le  the  path of  d i s s i m i l a t i o n
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F l gure 2 0 ; Changes In leve ls  of  c e l l u l a r  RNA, 
DNA, and p ro te in  In B. polymyxa.
Changes In the  biomass lev e ls  of  RNA ( Q  ) ,  DNA 









rem aIned  c o n s ta n t  d u r In g  an e x p e r Im e n t .  A s h i f t  In  d l s s l m l l a t o r y  
metabolisms as expected t o  occur a t  the  upper pH, since a t  the  two  
lower pH values (Wood, 1961) the  mass t rans fo rm at ion  of glucose of  B. 
polymyxa In a n a e r o b i c  batch c u l t u r e  observed by Adams and S t a n l e r  
(1945) was expected as fo l low s:
1 mol glucose ------------- > 0 .67  mol 2 ,3  butylene glycol + 0 .67  mol
e t h a n o l  + 2 . 0  mol CO2  + 0 .61 mol H2  
(2)
Anaerobic batch c u l t u r e  of the  s t r a i n  of  £ *  polymyxa we Invest iga ted  
y ie ld ed  84% of  the  2,3 buty lene glycol expected from the above mass 
t rans form at ion .
2,3 butylene g ly c o l ,  however, was not detected a t  any pH realm  
In the  recyc l ing  fermentor.  I t s  presence was detec tab le  only ea r ly  
In phase one, due t o  I t s  presence In the  Inoculum. The compound was 
then  u n d e t e c t a b l e ,  due t o  washout  by t h e  s t a r t  of  phase tw o .  In 
phases two and th ree ,  only ethanol and ace ta te  were detected as non- 
gaseous products. The ir  r a t io s  corresponded t o  those expected from 
the  t ransformat ion:
1 mol glucose ----------- > 1 mol ethanol + 1 mol ace ta te  + 2  mol
CO2 + 2  mol H2  (3)
P r o d u c t io n  o f  2 ,3  b u t y l e n e  g l y c o l  by IL. polymyxa has been 
r e p o r t e d  t o  be f a v o r e d  by an In c r e a s e d  H2  p re s s u re  ( M Ic k e ls o n  and 
Workman, 1938) .  Because o f  t h e  c o n t in u o u s  m ix in g ,  r e c y c l i n g ,  and 
c o n s t a n t  N2  sweep of  t h e  c u l t u r e ,  t h i s  I n c r e a s e  cou ld  not  occur  In 
the  recy c l in g  fermentor.  Increased H2  pressure Is apparent ly  a more
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I m p o r t a n t  f a c t o r  th a n  pH In  I n f l u e n c i n g  t h e  p a r t i c u l a r  r o u t e  of  
c a t a b o l i s m .  The c o n c e n t r a t i o n s  o f  a c e t a t e  and e th a n o l  In t h e  
f i l t r a t e  (which corresponds t o  t h e i r  momentary concentrat ions In the  
f e r m e n t o r )  o f  t h e  e x p e r im e n t  a t  pH 6.2 ( F i g u r e  19 B) a r e  shown In  
Figure 21. When t h e i r  concentrations s t a b i l i z e d  In phase two, they  
remained a t  t h a t  level throughout phases two and th r e e  and throughout  
t h e  u p s h i f t  In phase t h r e e  b ro u g h t  about  by q u a d r u p l i n g  t h e  f lo w  
r a t e .  Thus, t h e  r e c y c l  Ing f e r m e n t o r  and t h e  c h e m o s ta t  a r e  al  Ik e  In 
t h a t  once a steady s t a t e  concentration of excreted c e l l  product has 
been reached In the  r e a c t io n  chamber, t h a t  level w i l l  be Independent 
of  t h e  medium I n p u t  r a t e  (FR) (Chesbro e t  a l . ,  1979) .  A change In 
t h e  c o n c e n t r a t i o n  o f  t h e  c e l l  p rodu c t  r e p r e s e n t s  a change In  t h e  
concentrat ion of the  energy substra te  In the  Input  medium, Sp, or a 
change In the  r a t e  of production by the c e l l s .
At t h e  p r e - u p s h i f t  GPR o f  490 vimol g lu c o s e  h” ^, t h e  r a t e s  of  
ethanol and a c e ta te  production were each 420 n mol h” ^, represent ing  
8 6 J6 d i s s i m i l a t i o n  of the  In f l u e n t  glucose.-  The remaining 14$ of the  
I n f l u e n t  glucose would a l low  the  synthesis of 11.5 mg of  c e l l  mass 
h“ ^, on a carbon t r a n s f e r  basis,  fo r  the  observed c e l l  composit ion of  
43$ carbon (CHO an a ly s is ) .  The presence of amino acids In the  medium 
though,  would  a l l o w  f o r  a g r e a t e r  r a t e  o f  biomass s y n t h e s is .  
Throughout  phase tw o  o f  t h e  e x p e r im e n t  a t  pH 6 .2  ( F i g u r e  19 B),  t h e  
r a t e  of biomass synthesis was 8.2 mg h” ^, and In phase th ree ,  I t  was 
3 .6  mg h“ ^ .
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F l gure 21:  F i l t r a t e  leve ls  of ethanol and 
a c e ta te  produced by IL. polymyxa.
F i l t r a t e  lev e ls  of  ethanol ( •  ) and ace ta te  ( a )  
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Enscsy H o sts o l  B iosynthesis .  Maintenance, sad t h e  S t r in g e n t  Response
Dur ing  both phases,  p r o t e i n ,  RNA, and DNA components were  
p r e s e n t  In t h e  f i l t r a t e  m a t e r i a l  ( F i g u r e  2 2 ) ,  as had been found  
prev lousl  y f o r  £ *  col  I B (Chesbro e t  a l . ,  1 9 7 9 ) .  The kl  n e t  I cs w 1 th  
which th e s e  v a r i o u s  m a t e r i a l s  appeared d i f f e r e d  between them. The 
l e v e l  of d lp h en y I  am Ine  r e a c t i v e  m a t e r i a l s ,  presumed t o  be DNA 
components, remained e s s e n t ia l l y  constant  throughout the  l a t t e r  two  
phases and t h e  u p s h i f t ,  w h i l e  t h e  l e v e l s  o f  o r c l n o l  p o s i t i v e  
m a t e r i a l ,  presumed RNA components and Lowry p o s i t i v e  m a t e r i a l ,  
presumed p r o t e i n s ,  m im icked  c o n c u r r e n t  changes In  t h e  l e v e l  of  
biomass In the  fermentor.
No accumulation of  abnormal or disrupted c e l l s  In th e  fermentor  
was e v i d e n t  In e l e c t r o n  m lc ro g r a h s  t h r o u g h o u t  t h e  e x p e r im e n t ,  
although some fragments and disrupted c e l l s  were seen In a l l  th ree  
phases. At t h e  com par ison  r a t e s  o f  a c c u m u la t i o n  o f  b iomass and 
f i l t r a t e  products, h a l f  or more of th e  c e l l s  In the  fermentor  would 
have had t o  be dead by phase th ree  t o  Im p l ic a te  the  f i l t r a t e  m ater ia l  
as being of a u t o l y t l c  o r i g i n .
T a b le  10 sum m ar izes  t h e  o b s e r v a t io n s  on f i l t r a t e  b iosyn th e t ic  
products and biomass during the  exper iment  a t  pH 6.2 (F igure  19 B) a t  
tw o  s e l e c t e d  p o i n t s  b e f o r e  and a f t e r  t h e  phase t r a n s i t i o n  between  
phases tw o  and t h r e e .  The t o t a l  b i o s y n t h e t i c  mass produced per h 
( f  1 1  t r a t e  p ro d u c ts  p lu s  b iomass)  a t  th e s e  pol n ts  I n phases tw o  and 
t h r e e  were  r e s p e c t i v e l y ,  12.6 and 9.4  mg. The f i r s t  f i g u r e  I s  10# 
above, and the  second 18# below the  t h e o r e t ic a l  amount perm i t ted  by
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F i gure 22: F i l t r a t e  lev e ls  of  RNA, DNA, and 
pro te in  In B. polymyxa.
F i l t r a t e  leve ls  of RNA (Cl ) ,  DNA ( A  ) ,  and pro­















TABLE 1 0 .  ATP e x p e n d i t u r e s  by Bac I I I us p o Iym yxa  g r o w in g  a n a e r o b i c a l l y  in  
a r e c y c l i n g  f e r m e n t o r  w i t h  e n e r g y  l i m i t i n g  a t  pH 6 . 2 ,  3 0 ° C .
B iom ass  C a l c u l a t e d  ATPa 
F i l t r a t e  y i e l d s  y i e l d  r e q u i r e m e n t
(mg h” ' ) a t  40 h (mg h ” 1 ) f o r  s y n t h e s i s
( p h a s e  2 )  and a t  40 h ( ymol h” ‘ ) % A v a i l a b l e  ATP used f o r
60 h ( p h a s e  3 )  ( p h a s e  2 )
Phase Y DNA RNA p r o t e i  n
and  60 h 
( p h a s e  3 )
f  i 1 t r a t e  
p r o d u c t s
b l  o -  
mass
f  i 1 1 r  a t e  
p r o d u c t s
b i o -  ma i n t e -  
mass nance
2 0 . 0 1 7 0 . 4 8 2 . 0 1 . 8 8 . 3 104 261 8 2 1 71
3 0 . 0 0 7 0 . 4 8 2 . 9 2 . 6 3 . 4 143 107 1 1 9 80
aThe GPR was 490 ji mo 1 g 1 ucose h”  ^ . Assum i ng t h a t  f  i 1 t r a t e and b iom ass  ( 4 4 $ c r b o n )
c a r b o n  d e r i v e d  f ro m  g l u c o s e ,  t h e r e  w e re  421 pmol  h d i s s i m i I a t e d , p r o v i d i n g  1 . 2 6  
m i l l i m o l  h” ‘ o f  ATP f rom  t h e  p a th w a y  o f  e q u a t i o n  ( 3 ) .  The  ATP r e q u i r e d  f o r  s y n t h e s i s  
o f  f i l t r a t e  b i o s y n t h e t i c  p r o d u c t s  i s  c a l c u l a t e d  f ro m  t h e  t h e o r e t i c a l  y i e l d s  g i v e n  
by S t o u t h a m e r  ( 1 9 7 9 ) .  T h a t  i s ,  t r e a t i n g  t h e  DNA and RNA as b reakdow n  p r o d u c t s ,  t h e  
c o s t s  in  mol ATP j i g - ' p o ly m e r  f o r  a b a c t e r i u m  g r o w in g  in  a g l u c o s e  p l u s  am ino  a c i d s  
medium is  1 . 7 9  x 10” , 1153 x 10“ , and 0 . 3 6  x 10 ” ' f o r  DNA, RNA, and p r o t e i n  
r e s p e c t i v e l y .  I f  t h e  f i l t r a t e  DNA and RNA a r e  t r e a t e d  as m onom er ic  p r e c u r s o r s ,  
r a t h e r  t h a n  b reakdow n  p r o d u c t s ,  t h e  % ATP used f o r  b io m ass  ( g r o w t h )  w j I  I be d e c r e a s e d  1$ 
and t h e  % used f o r  m a i n t e n a n c e  i n c r e a s e d  1 %. For  b iom ass  y i e l d ,  Y was + aken  as
3 1 . 9  ( S t o u t h a m e r ,  1 9 7 9 ) .  max
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carbon t r a n s f e r  from glucose, probably w i t h in  the  e r r o r  l i m i t s  of  the  
c a lc u la t io n s .
The r a t e  of  p r o d u c t i o n  o f  f i l t r a t e  b i o s y n t h e t i c  p r o d u c ts  In  
phase t h r e e  c o u n te r  b a la n c e s  t h e  drop In  biomass s y n t h e t i c  r a t e  
(Table  10). This s h i f t  from accumulation of b io s y n th e t ic  m a te r ia ls  
In biomass t o  t h e i r  r e l e a s e  I n t o  t h e  f i l t r a t e ,  w h e th e r  due t o  
In c re a s e d  s e c r e t i o n ,  s lo u g h in g  or  a u t o l y s i s ,  accom panies  t h e  
d e t e r m i n a n t  f o r  phase t h r e e ,  presumably  t h e  s t r i n g e n t  response  
(Arblge and Chesbro, 1982).  When a l l  the b io s y n th e t ic  products, t h a t  
In the  f i l t r a t e  and In the  biomass, are  accounted f o r ,  the  change In 
t h e  amount of  ava l  I a b I e  energy  used f o r  b I o s y n t h e s l s  Is  9% In g o ln g  
f rom phase tw o  t o  phase t h r e e .  In o t h e r  words,  9 % o f  t h e  ava l  I a b l e  
energy Is  d i v e r t e d  t o  m a in te n a n c e  from b i o s y n t h e s i s  a t  t h e  phase  
three  t r a n s i t i o n .
Behav l or s ±  Yers l n l a pest i s I n  ±hs Re_c.y.c.lln.g F e r mentor
To t e s t  t h e  s e n s i t i v i t y  o f  X l  p es t  Is  t o  s t r i n g e n t  c o n t r o l ,  
the  organism was cu l tu red  In the  recyc l ing  fermentor  a t  26°C In th e  
absence of  c a l c i u m .  F i g u r e  23 shows t h e  g row th  p a t t e r n  observed .  
There was an absence of  an exponentia l  growth period (phase one), and 
grow th  o n ly  became a p p a r e n t  when t h e  N2  f lo w  t o  t h e  f e r m e n t o r  was 
stopped a t  15 h. G lucose In  t h e  f i l t r a t e  f e l l  be low d e t e c t a b l e  
l e v e l s  (0.1 p g  m l“ ^) 25 h I n t o  t h e  e x p e r im e n t ,  which I s  t h e  same 
level seen a t  the  phase one,two turnover  po in t  In both £u col I and IL. 
pol ymyxa. The g ro w th  r a t e  then  became I I n e a r  f o r  20 h, a t  which
F i gure 2 1 :  3 Phase growth of Y e rs in ia  j jgs iLs .
Growth of  Y e rs in ia  pes t Is  CV 76 In the  re c y c l In g  
fermentor,  with a GPR of 408 ymoles h“ ^, 26°C,  
and pH 7 . 0 .  K l e t t  un i ts  ( Q ) and RNA biomass 
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F l gure 2 4 : Phase c o n tras t  p ic tures  of  f j .  col 1
NF161 before and a f t e r  n a l l d lx a t e  t re a tm e nt .
F igure  24 A ( t o p ) :  Phase c o n tras t  p ic tu r e  of .t*. 
col I NF161 grown a e r o b ic a l l y  In minimal medium;
Figure  24 B (bot tom):  represents th e  same c u l t u r e  
a f t e r  t reatment  w ith  2 0  p g ml' n a l i d i x i c  acid  
fo r  3 h.
F ig u re  24A
Figure 24B
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pol n t  t h e  r a t e  si  owed and became I I near  aga l  n a t  a I ower I evel  f o r  
t h e  r e m a in d e r  of t h e  e x p e r im e n t .  RNA acc um ula ted  a t  a s teady  r a t e  
t h r o u g h o u t  t h e  f i r s t  p e r io d  o f  l i n e a r  g r o w th ,  and I t s  r a t e  o f  
accumulation f e l l  sharp ly  a t  the  t r a n s i t i o n  po in t .
I nductfon and Pers I stance o± Lnzyjpes .arid -S.Q.S A.c±.Lvi±y. ±n ±ti§
Recycl l_ng fermentor
The p a t t e r n  o f  I n d u c t i o n  and a c t i v i t y  of  t r y p t o p h a n a s e  and 13- 
gal a c t o s l  dase In  £*. col I NF161 (sp o T ) ,  Is  shown In  F i g u r e  25.
Induct ion and loss of  B-ga I actosl  dase In t h i s  phase two c u l t u r e  was
d e te r m ln d  by exp os ing  t h e  c u l t u r e  t o  l a c t o s e ,  a m e t a b o l i z a b l e  
Inducer,  a t  a concentra t ion  of 1 0 - ^ M. Induction and decay pat terns  
w ere  ve ry  s i m i l a r  t o  th o s e  of  col  I B observed by Evans ( 1 9 7 8 ) .  
Levels of the  enzyme peaked, and then r a p id ly  decayed over the  next
seven h u n t i l  50$ o f  t h e  a c t i v i t y  d is a p p e a re d .  The r a t e  o f  decay
then slowed, as over the  next 20 h only 25$ of  the  remaining a c t i v i t y  
d is a p p e a r e d .  No B - g a l a c t o s l d a s e  was p r e s e n t  in  t h e  f i l t r a t e  
m a t e r i a l ,  r u l i n g  o u t  s lo u g h in g  a n d /o r  a u t o l y s i s  as t h e  cause of  
enzyme loss. Tryptophanase was Induced by the  a d d i t io n  of 1.5 X 10"^ 
M L-tryptophan t o  the  c u l tu re .  I t s  pa t te rn  of Induct ion and a c t i v i t y  
( F i g u r e  25)  was v e r y  d i f f e r e n t  than  t h a t  o f  B-ga I a c t o s  I dase. Cel I 
bound t r y p t o p h a n a s e  r a p i d l y  reached an I n i t i a l  peak,  th en  became 
l in e a r  or approximately  so fo r  20 h before f a l l i n g .  Throughout the  
I n i t i a l  stages of Induct ion,  the  c e l l  a c t i v e l y  secretes Indole which 
rsciches I t s  peak 7 h a f t e r  I t  begins. The c e l l  continues t o  secrete  
I n d o l e  a t  a low l e v e l  a f t e r  t h i s  peak, as t h e  r a t e  o f  loss f rom th e
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F l gure 25 .  Tryptophanase and B -ga lactos ldase leve ls  In E. 
col 1 NF161 before  and a f t e r  a n a l l d l x a t e  t rea tm ent  In phase 3 .
Growth of Escher ich ia  col I NF161 (spoTD In th e  recy c l in g  
fermentor before  and a f t e r  t rea tm ent  with  n a l i d i x i c  acid  
In phase t h r e e .  The cu I t u r e  was I nduced f  o r  both B - g a l a c -  
tos ldase  and tryptophanase by the  a d d i t io n  of  lactose  and 
t r y p t o p h a n :  (D -O) ,  K l e t t  u n i t s ;  ( • - ( ■ ) ,  B-ga I a c t o s t  dase  
a c t i v i t y ;  ( • - — * ) ,  tryptophanase a c t i v i t y ;  ( »  ‘O  ) f i l t r a t e  
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fermentor  was slower than what would be expected from simple  washout. 
Secret ion  of tryptophanase was ru led  out ,  as the  f i l t r a t e  m ater ia l  
was analyzed before  and a f t e r  passing I t  through a 100,000 MW f i l t e r .  
The same level of Indole was detected In both Instances. Subsequent 
ana lys is  of the  f i l t r a t e  m ate r ia l  f o r  tryptophanase a c t i v i t y  proved 
n e g a t i v e  as t h e  removal  o f  t h e  s u b s t r a t e ,  L - t r y p t o p h a n ,  f rom t h e  
r e a c t i o n  m i x t u r e  had no e f f e c t  on t h e  l e v e l s  o f  I n d o l e  d e t e c t e d  In  
the  f i l t r a t e ,  but reduced the  lev e ls  detected In th e  c e l l s  by 100$.
Fol lowing a pulse of n a l i d i x i c  ac id ,  a se r ie s  of changes In the  
b a c te r ia l  populat ion ensues. A f te r  a very short  period of p o s i t iv e  
g r o w th ,  b ! omass accumuI a t ! o n  Is  a r r e s t e d  f o r  1 4 -1 6  h. Both c e l l  
bound tryptophanase and B-ga lac tos ldase  a c t i v i t y  showed decay and an 
In c r e a s e d  r a t e  o f  decay,  r e s p e c t i v e l y ,  f o l l o w i n g  t h e  n a l l d l x a t e  
p u ls e ,  a l th o u g h  a t  d i f f e r e n t  t i m e s .  A p p r o x im a te ly  25$ o f  t h e  
t ry p to p h a n a s e  a c t i v i t y  and 65% o f  t h e  r e m a i n in g  B - g a I a c t o s l d a s e  
a c t i v i t y  d is a p p e a r e d  o v e r  t h e  1 4 -1 6  h a r r e s t  p e r io d  ( F i g u r e  2 5 ) .  
Cell  numbers Immediately Increased by 3 1 $ . a f t e r  the  n a l l d l x a t e  pulse  
( F i g u r e  2 6 ) ,  and th e n  f e l  I t o  a l e v e l  seen b e f o r e  t h e  pu lse .  When 
the  level of n a l i d i x i c  ac id  In the  fe rm enta t ion  vessel f e l l  below I 
p g  ml“  ^ through d i l u t i o n ,  the  r a t e  of biomass accumulation became 
p o s i t iv e  again, although a t  a r a t e  which was 30$ lower than t h a t  seen 
In phase th re e  before  the  pulse.
An a t t e m p t  t o  I d e n t i f y  t h e  r o l e  o f  recA p r o t e i n  In t h e  changes  
In  t h e  c u l t u r e  p a r a m e te r s  seen In F i g u r e s  25 and 26 ,  met  w i t h  a 
s e r i e s  o f  t e c h n i c a l  d i f f i c u l t i e s .  The "SOS" system and t h e  recA
-1 1 1 -
F l yure 2 6 ; Changes In CFU In JL. col I NF161 a f t e r  a 
n a l l d l x a t e  t rea tm ent  In phase 3 .
Response of c e l l  numbers ( A  ) t o  a pulse of n a l i d i x i c  
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pro te ln  are  Induced by agents which cause damage t o  DNA large enough 
t o  produce post- rep I I c a t io n  gaps. The damage provides the  signal fo r  
recA, whose subsequent a c t i v i t i e s  In r e p a i r in g  the damage can f i x  the  
DNA l e s i o n  In  t h e  chromosome as a m u t a t i o n .  The e x p e r im e n t a l  
s t r a t e g y  was th e n  t o  add a r e v e r s i b l e  s t r a n d  damaging a g e n t ,  
n a l l d l x a t e ,  t o  phase t h r e e  c e l l s  In  t h e  f e r m e n t o r  a n d , t h e n ,  t o  
p e r i o d i c a l l y  remove c e l l s  from the  fermentor t o  measure revers ion  of  
amino a c i d  au x o t ro p h s  o r  t h e  presence  o f  recA p r o t e i n  I t s e l f  by 
autoradiography.
However,  once removed from t h e  r e a c t i o n  v e s s e l ,  t h e  c e l l s  
Immediate ly  s t a r t  t o  d ie  from energy s ta r v a t io n ,  unless suppl ied w ith  
an energy source (F igures 16, 17). On the  o ther  hand, a d d i t ion  of  an 
energy source makes I t  Impossible t o  determine whether "SOS" a c t i v i t y  
appeared In th e  energy l im i te d ,  slow growing c e l l s ,  which are  In the  
fermentor  p r io r  t o  sampling, or  appeared a f t e r  sampling when energy 
I s  added. F i g u r e  27 shows t h e  g row th  p a t t e r n  o f  E. col I AB1157 
before and a f t e r  a n a l l d l x a t e  t r e a t m e n t .  A u x o t ro p h ic  r e v e r s i o n s  of  
h i s t i d i n e  and a r g i n i n e  amino a c id  m arkers  were  found a f t e r  t h e  
n a l l d l x a t e  p u ls e ,  b u t  f o r  t h e  reasons s t a t e d  above I t  cou ld  not  be 
d e te r m in e d  w h e th e r  r e v e r s i o n  o cc u r re d  In t h e  f e r m e n t o r ,  o r  d u r in g  
p la t in g  when a l l  the  r e s t r i c t i o n s  of a phase 3 c u l t u r e  were removed. 
F u r t h e r m o r e ,  d i r e c t  measurement  of recA p ro te in  through autoradio­
graphy was not f e a s ib le ,  as batch c u l t u r e  experiments showed t h a t  the  
fermentor  would have t o  be t re a te d  w i th  Im prac t icab ly  high leve ls  of  
a rad io iso tope  ( ^ S )  t o  guarantee I t s  autoradiographic  detect ion .
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F l qure 2 7 : 3 Phase growth of IL*. col 1 AB1157
before  and a f t e r  n a l l d lx a t e  t re a tm e nt .
Growth of Escher ich ia  col I AB1157 In th e  recyc l Ing  
fermentor before  and a f t e r  t reatment  with  n a l l d lx a t e  













F ig u re  27
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Cel I e l o n g a t i o n  (see  F i g u r e  24B),  a t r a i t  o f  SOS Induced cel  I s ,  was 
a lso  not apparent In AB1157 (F igure  27) a f t e r  n a l l d l x a t e  t re a tm e n t ,  
but the  level of Incoming glucose would have only a l lowed c e l l  s i z e  
Increases o f3 .5#  o v e r  t h e  p e r io d  s t u d i e d .  T h is  s m a l l  I n c r e a s e  Is  
p ro b a b ly  below t h e  d e t e c t a b l e  l i m i t s  of  t h e  c o u l t e r  c o u n t e r ­
channel yzer  system.
A p r a c t i c a l  way of  ex a m in in g  t h e  a c t i v i t y  of  recA In t h e  
f e r m e n t o r  Is  one which does not  r e q u i r e  removal  o f  t h e  b a c t e r i a l  
c e l l s  f rom t h e  f e r m e n t o r .  S ince  a c t i v e  recA c l e a v e s  a r e p r e s s o r  
c o n t r o l l i n g  lambda phage production, an I n d i r e c t  measurement Is  an 
assay which measures I t s  p r o t e o l y t i c  a c t i v i t y .  E. col I ATCC33311, a 
s t r a i n  c a r r y i n g  a d e f e c t i v e  lambda phage In  which t h e  la c  Z gene,  
r e s p o n s i b l e  f o r  B - g a I a c t o s I d a s e  p r o d u c t i o n ,  Is  fused  t o  t h e  l e f t  
prom oter  of  t h e  phage and under c o n t r o l  o f  t h e  r e p r e s s o r ,  was 
obta  I ned and c u l t u r e d  In  t h e  r e c y c l  I ng f e r m e n t o r .  F i g u r e  28  shows 
aspects of I t s  p ro p e r t ies  before and a f t e r  a n a l l d lx a t e  pulse. The 
background le v e l  o f  B-ga I a c t o s l  dase was increased by 31/6 fo l lo w in g  
t h e  p u l s e ,  c o n c o m m l t a n t  w i t h  a 1 0 / 6  d e c l i n e  In  c e l l  bound  
t ry p to p h a n a s e  a c t i v i t y .  As In t h e  case o f  NF161 ( F i g u r e  25)  and 
AB1157 (F igure  2 7 ) , mass accumulation In t h i s  s t r a i n  stopped f o r  14-16  
h, beg I nnl ng aga I n when t h e  I eve I o f  na I 1 d I x l  c ac l  d I n t h e  vesse l  
f e l l  be low 1 y g m 1 “ ^, b u t  a t  a r a t e  whIch was 20% Iower  th an  t h a t  
seen In  phase t h r e e  b e f o r e  t h e  p u ls e .  The I n i t i a l  r a p i d  r a t e  
Increase of  B -ga Iactos Idase synthesis ,  a f t e r  the  pulse, lasted only  
4 - 6  h, and th e n  f e l l  but  rem a in ed  p o s i t i v e  f o r  som et im e ,  as I t s
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F l gure 2 8 ; Growth pa t te rn  and enzyme leve ls  of E.
c o l I  ATCC33311 before  and a f t e r  n a l I -  
d lx a te  t rea tm ent .
Growth o f  E. col I ATCC33311 In the  re c y c l in g  fermen­
t o r  a t  30°C, pH 7 . 0 ,  and a GPR of 412 nmol h" 1 
before and a f t e r  t reatm ent  with  n a l i d i x i c  a c id .  C e l ls  
were pulsed w ith  tryptophan where Ind ica ted .  ( O H E D ,  
K l e t t  u n i ts ;  ( • - — # ) ,  tryptophanase; ( # — • ) ,  f i l t r a t e  
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spec I f  I c a c t i v i t y  In c r e a s e d  by 33#  over  t h e  l a t t e r  32 h. A f t e r  t h e  
I n i t i a l  d e c l i n e ,  t h e  cel  I bound t ry p to p h a n a s e  rem alned  r e l a t l v e l y  
s ta b le ,  as I t s  level changed very l i t t l e  over the  l a t t e r  40 h of the  
experiment .
F i g u r e  29 shows t h e  r e s u l t s  o f  col  I s t r a i n  NF161- lambda  
( l y s o g e n l z e d  w i t h  lambda phage) b e f o r e  and a f t e r  a phase t h r e e  
c u l t u r e  was pu lsed  w i t h  n a l l d l x a t e .  F ree  lambda phage In  t h e  
b a c t e r i a l  Inoculum used t o  seed t h e  f e r m e n t o r  appeared  t o  adsorb  
r a p id ly  t o  th e  growing microbia l  populat ion In the  fermentor.  The 
number of  d e t e c t a b l e  f i l t r a t e  v i r u s e s  dropped by 7 .6  x 10^ m l” ^
O
between 5 and 8  h, w h i le  colony forming un i ts  Increased by 3.3 x 10° 
ml- ^. During t h i s  per iod washout of the v i r u s  accounted fo r  the  loss 
of 5.0 x 10^ v i r u s  m l“ ^, s u b s e q u e n t ly  al lo w in g  t h e  a d s o r p t i o n  of  
a p p r o x i m a t e l y  one v i r u s  p a r t i c l e  f o r  e ve ry  1 0 ^ m i c r o b i a l  c e l l s .  
F i l t r a t e  v i r a l  numbers leve led  near zero  a t  approximate ly  19 h, and 
remained so u n t i l  the  c u l t u r e  was t re a te d  w i th  n a l ld lx a te .  Fol lowing  
t h e  p u ls e ,  co lony  f o r m in g  u n i t s  f e l l  u n t i l  38# o f  t h e  p o p u l a t i o n  
d ie d .  F I I  t r a t e  v I rus  I eve l  s Jumped t e n - f o l  d over  t h e  basal  l e v e l ,  
but  assuming t h a t  a d s o r p t i o n  o c c u r re d  h e re  a l s o ,  t h i s  l e v e l  Is  
probably higher.  When the  concentrat ion of n a l i d i x i c  ac id  f e l l  below 
1 yg ml” ^, mass accumulat ion began, v i ru s  leve ls  approached zero ,  and 
an Increase In colony forming u n i ts  was detected. Fo l lowing exposure 
t o  a l a r g e  dose of  t h e  p o w e r fu l  m e t h y l a t l n g  a g e n t ,  MMNG, a n o th e r  
b u r s t  o phage was a p p a r e n t  and b e t t e r  th an  95# o f  t h e  cel  Is  were  
rendered non -v lab le .
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F l gure 29;  V i r a l  numbers In E. col 1 NF161 X
before  and a f t e r  n a l l d l x a t e  t rea tm ent .
Three phase growth of col I NF161 In the  recyc l ing  
fermentor be fore  and a f t e r  a pulse of n a l i d i x i c  ac id ,  
fo l lowed by a subsequent pulse of MMNG. GPR was 412 
pmoles h”  ^ a t  30°C and pH 7 . 0 .  ( D  ) ,  K l e t t
u n i ts ;  ( < 4  )» f r e e  phage (x  ) .
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Response o f  Ce 11 s ±o  Chloramphenicol
I t  has become a p p a r e n t  t h a t  t h e  slow g ro w in g  m i c r o b i a l  cel  Is  
produced In the  re c y c l in g  fermentor must remain In var ious stages of  
t h e  c e l l  c y c l e  f o r  e x t r e m e l y  long p e r io d s  o f  t i m e .  To t e s t  t h i s  
h y p o th e s is ,  and t o  e s t a b l  Ish w hat  p e r c e n t  of  t h e  cel  Is  a r e  In  t h e  D 
p e r io d  o f  t h e  c y c l e ,  c e l l s  w ere  t r e a t e d  w i t h  c h lo r a m p h e n ic o l .  
Chloramphenicol prevents the  p ro te in  synthesis which Is  necessary f o r  
the  I n i t i a t i o n  of septum form at ion ,  and would th e r e fo r e ,  prevent any 
c e l l s  In  t h e  C p e r io d  f rom  l a y i n g  down a septum and undergo ing  
d i v i s i o n .  D p e r io d  ce l  I d i v i s i o n ,  however ,  wouId be r e s l s t a n t  t o  
c h l o r a m p h e n ic o l .  T a b le  11 sum m ar izes  t h e  r e s u l t s  o b t a in e d  when 
samples of i u  col I NF161 (F igure  30) were removed from the  fermentor  
and t r e a t e d  w i t h  c h l o r a m p h e n ic o l .  D u r in g  phases one and tw o  
approximately 1 0 # of the  microbia l  populat ion appeared t o  be In the  
process of  septum f o r m a t i o n .  E a r l y  In phase t h r e e ,  t h i s  le v e l  
Increased t o  approximate ly  30# and remained r e l a t i v e l y  close t o  t h a t  
level fo r  the remainder of the experiment.
F igure  30 a lso  shows the  outcome when a phase th re e  c u l t u r e  of  
NF161 Is  Induced f o r  t r y p to p h a n a s e .  The p a t t e r n  and l e v e l s  of  
I n d u c t io n  a r e  s i m i l a r  t o  phase tw o  Induced c u l t u r e s  ( F i g u r e  2 5 ) .  
F o l l o w i n g  a n a l I d l x a t e  p u ls e ,  13# of  t h e  cel  I bound t ry p to p h a n a s e  
a c t i v i t y  Is  d e s t r o y e d .  V i a b l e  ce l  I cou n ts  I n c r e a s e  f o i l o w  I ng t h e  
p u ls e  by 19# and t h e n  q u i c k l y  f a l  I t o  a l e v e l  seen below t h a t  p r i o r  
t o  the  pulse.
- 1 2 3 -
TABLE 11. Percent Increase In p a r t i c l e  counts when fermentor samples 
of NF161 were t re a te d  with  chloramphenicol (D per iod c e l l s ) 3
Growth
stage
Hours post  
seeding
% D per iod  
cel I s
Phase 1 5 .5 1 0 . 0
Mid phase 2 1 2 . 0 10.5
Late phase 2 15.0 1 0 . 0
Early  phase 3 28.5 30 .0
Mid phase 3 30 .5 2 8 .5
Late phase 3 41.0 2 0 . 2
Late phase 3 46.0 35 .3
aSame growth condit ions  as In F igure  30 .
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F l gure 5 0 ; Tryptophanase leve ls  In E. c o l l  NF161 
before  and a f t e r  n a l l d l x a t e  t re a tm e nt .
Growth of NF161 In th e  r e c y c l in g  fermentor before and 
a f t e r  a pulse of n a l i d i x i c  ac id ,  when a phase 3 c u l tu r e  
was pulsed w i th  tryptophan.  Seme parameters as In 
Figure 25 .  ( ) ,  K l e t t  u n i ts ;  ( • —• ) ,  f i l t r a t e











F ig u re  30
30 40
inducer
TABLE 12. A p p aren t  g ro w th  y i e l d s ,  Yg, f o r  Y e r s I n l a  p e s t  Is  and 
Escher ich ia  col I s t r a in s  ATCC33311 and NF161 (before  and a f t e r  phase 
th re e  c u l tu r e s  were pulsed w ith  15 y g  n a l l d lx a t e )
S t r a in
Ya, mg biomass jjmol glucose- ^
phase 2 phase 3 when growth 
resumes a f t e r  
n a l I d l x a t e  pulse
Y. p e s t ls 9 0 .019 0 .008 -
NF161b 0 .018 0.006 0 .004
ATCC33311 ° 0 .019 0.007 0.005
d e te r m in e d  from F igure  23 .  
^Determined from F igure  25 .  
d e te r m in e d  from F igure  28.
DISCUSSION
A c o n t in u o u s  c u l t u r e  a p p a r a tu s ,  w i t h  a 100$ b iomass r e c y c l e ,  
constructed by Chesbro e t  a l .  (1979) was used t o  study slow growth of 
microorganisms. Growth pat te rns  In the  recy c l in g  fermentor could not 
be described by s im ple  mass t r a n s f e r  ana lys is  as predic ted  by P I r t ’ s 
(1965 )  m a t h e m a t ic a l  t r e a t m e n t  of  t h e  c u r r e n t  m a in te n a n c e  energy  
theory.  In a l l  organisms studied,  the  growth r a t e  never approached 
z e r o ,  as some o f  t h e  a v a i l a b l e  energy  was a lw a y s  p a r t i t i o n e d  t o  
b i o m a s s  f a b r i c a t i n g  p r o c e s s e s .  An a p p a r e n t  f l a w  In  P I r t ’ s 
mathematical ana lys is  of  the  maintenance energy concept (equation 1 ) 
t h e n  seems t o  be t h e  I n h e r e n t  a s s u m p t i o n  t h a t  t h e  r a t e s  o f  
b iosyn the t ic  and m e ta b o l ic  r e a c t i o n s  would  r e m a in  c o n s ta n t  d u r in g  
energy s h o r t f a l l .  T h i s  assum pt ion  I s  no t  v a l i d  when c e l l s  a r e  
c u l t u r e d  In  t h e  r e c y c l i n g  f e r m e n t o r .  As g row th  proceeds In t h e  
recyc l ing  fermentor ,  the  energy level per c e l l  drops, which In tu rn  
t r i g g e r s  t h e  s y n t h e s i s  of  t h e  p o w e r fu l  r e g u l a t o r y  n u c l e o t i d e s ,  
guanos I ne t e t r a p h o s p h a t e  and guanoslne pentaphosphate (F igure  9 and 
F i g u r e  11) ,  t h e  m e d i a t o r s  of  t h e  b a c t e r i a l  s t r i n g e n t  response  
(Gal l a n t ,  1979) .  In phase t h r e e ,  t h e  u l t i m a t e  g row th  s tag e  we have  
been abl  e t o  produce I n t h e  f e r m e n t o r ,  t h e  cel  I u I a r  I eve l  o f  ppGpp 
( F i g u r e  9 ) ,  Is  co m p a ra b le  t o  l e v e l s  produced In p o p u l a t i o n s  o f  £ *  
col  I by carbon energy  source  d o w n s h i f ts  (Johnson e t  a l . ,  1977;  Pao 
and Gal I a n t ,  1 978;  W I nsl ow, 1 9 7 1 ) ,  and dur I ng t h  I s per  I od t h e  r a t e s
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o f  b i o s y n t h e s i s  o f  c e l l  m a c r o m o le c u le s ,  I .e .  DNA, RNA and p r o t e i n ,  
a r e  d i f f e r e n t i a l l y  a l t e r e d  ( F i g u r e  6 A and T a b le  4 ) .  A number of  
other  b io s y n th e t ic  reac t ions ,  such as the synthesis of b a c te r ia l  hul l  
components, a r e  r e s t r i c t e d  d u r in g  t h e  s t r i n g e n t  response (C a s h e l ,
1975)  and would  c e r t a i n l y  a f f e c t  t h e  r e a s o n in g  beh ind  P I r t ’ s 
mathematical deductions of  energy l i m i t a t i o n .
Energy d e f i c i e n t  c e l l s  have been produced as a means of studying  
ppGpp synthesis  and I t s  e f f e c t s  on the  re g u la t io n  and coord ina t ion  of  
macromolecu I a r  s y n t h e s i s ,  by a v a r i e t y  o f  ways. These s t r a t e g i e s  
Include c e l l s  being s h i f t e d  from a more pre fe r red  substra te ,  usual ly  
g lu c o s e ,  t o  a less  p r e f e r r e d  one, such as s u c c i n a t e  ( L a z z a r l n l  e t  
a l . ,  1971); p e r m i t t in g  energy substra te  exhaust ion t o  occur (Bouquet 
e t  a l . ,  1973; Jacobson and Jacobson, 1980); s t a r v a t io n  by temperature  
s h i f t s  t h a t  I n h i b i t  t h e r m a l l y  s e n s i t i v e  s teps  o f  energy pathways  
( C a s h e l ,  1975;  Lund and K J e ld g a a r d ,  197 2 ) ;  exposure  o f  anaerobes  t o  
oxygen (Glass e t  a l . ,  1978),  or Imposit ion of  anaeroblosls  on aerob ic  
c u l tu re s  (Lund and KJeldgaard, 1972); use of analogs c o m p e t i t iv e  w ith  
energy s u b s t r a t e s  (Hansen e t  a l . ,  1975;  Johnsen e t  a l . ,  1 9 7 7 ) ;  and 
employment  of  drugs t h a t  uncouple  o x i d a t i v e  p h o s p h o r y l a t io n  or  
I n h i b i t  substra te  level phosphorylation (Cashel,  1975; R ic h te r ,  1980 
b ) .  I t  has been a r g u e d  ( J a c o b s o n  and J a c o b s o n ,  1 9 8 0 )  t h a t  
c a t e g o r i z i n g  a l l  th e s e  s t r a t e g i e s  as "energy-source shl f tdowns" Is 
q u e s t i o n a b l e  s i n c e  t h e  d i f f e r e n t  t r e a t m e n t s  a f f e c t  r e g u l a t o r y  
c on tro ls  In exceedingly d i f f e r e n t  ways and accompanying In fo rm at ion  
about t h e i r  e f f e c t s  on In term ed iary  metabolism and c e l l u l a r  energy
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balance Is usual ly  absent .
Some of these c r i t i c i s m s  are  avoided In the  production of energy 
d e f i c i e n t  c e l l s  In  t h e  r e c y c l i n g  f e r m e n t o r ,  s i n c e  d I s s Im 1 1 a t o r y  
m e ta b o l is m  as r e f l e c t e d  In f e r m e n t a t i o n  b a lan c es  I s  c o n s ta n t  
t h r o u g h o u t  t h e  t h r e e  phases ( F i g u r e  2 2 ) ,  b iomass y i e l d  per  u n i t  
g Iu c o s e  ut11 Ized  Is  c o n s t a n t  w ! t h I n  each phase ( F ig u r e s  6 ,  7 ,  I I ,  
1 9 ) ,  and t h e  compos 11 Ion o f  t h e  m 11 leu Is  c o n s t a n t  t h r o u g h o u t  t h e  
phases unless exper im enta l ly  a l t e r e d  (Chesbro e t  a I . ,  1979) .
A s i g n i f i c a n t  c h a r a c t e r i s t i c  of  t h e  r e c y c l I n g  f e r m e n t o r  as a 
scheme f o r  t u r n i n g  on processes  t h a t  r e g u l a t e  and c o o r d i n a t e  
b i o s y n t h e s i s  a t  t h e  g e n e t i c  and m e t a b o l i c  l e v e l  d u r in g  energy  
s h o r t f a l  I Is  t h e  exp ans ion  o f  t h e  p e r io d s  o f  t i m e  ove r  which th e s e  
processes are evoked: the  Increase In t im e  between basal and maximum 
observed lev e ls  of ppGpp In c e l l s  growing e x p o n en t ia l ly  w ith  doubling 
t i m e s  o f  2 - 3  h Is  I ess th an  1 h, wh 11 e t h e  com par ab I e t i m e  f  o r  E*. 
col I B Is the  length of phase 2 ,  I . e .  22 -24  h (F igure  9 ) .
The l e n g th  of  phase tw o  Is  c o n s ta n t  f o r  a g iv e n  s t r a i n  o f  JL. 
col  I and In depe ndent  o f  g row th  r a t e  (Chesbro e t  a l . ,  1979 ) .  I t s  
l e n g th  Is  a p p a r e n t l y  d e te r m in e d  by a c e l l u l a r  " c lo c k w o rk " .  The  
te r m in a t io n  of  phase two coincides w ith  the  accumulation of  a ppGpp 
l e v e l  s u f f i c i e n t  t o  p r e v e n t  RNA a c c u m u la t io n  ( F i g u r e  6 B, 12 ) .  The 
"clockwork" t h a t  determines the  length of phase two Is  th e  l inkage of  
ppGpp s y n t h e s i s  and d e g r a d a t io n  t o  t h e  r a t e  o f  energy  supp ly  per  
cel I .
I t  was not su rp r is in g  t o  encounter e leva ted  leve ls  of  ppGpp In
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phase th ree  c e l l s  because the  r a te s  of macromolecular synthesis  In 
t h i s  phase resemble In t h e i r  r e l a t i v e  proport ions those In c u l tu re s  
undergoing the  s t r in g e n t  response. However, the  e levated and r i s in g  
leve ls  of ppGpp In phase two c e l l s ,  which In the  constant  proport ions  
of  t h e i r  m a c r o m o le c u la r  s y n t h e s i s ,  re s e m b le  cel  Is  In s te a d y  s t a t e  
growth was unexpected. This In te rm ed ia te  level of ppGpp, although  
not p e r c e l v a b l y  d i m i n i s h i n g  t h e  r e l a t i v e  r a t e  of  RNA s y n t h e s i s  In  
phase tw o  cel  I s,  Is  a p t  t o  be I m p o r t a n t  t o  t h e  prev lousl  y observed  
slowing of c e l l  d iv is io n  r a t e  In phase two accompanied by Increasing  
c e l l  d i a m e t e r s  (Chesbro  e t  a l . ,  197 9 ) .  S in ce  ppGpp Is  known t o  
a f f e c t  p h o s p h o l i p i d  and p e p t I  dog I y e a n  s y n t h e s i s ,  and t h u s ,  
membrane s y n t h e s is  and cel  I e l o n g a t i o n  a t  t h e  enzyme a c t i o n  l e v e l  
(G a l la n t ,  1979; N l e r l l c h ,  1978), then these enzymes In our s t r a i n  of  
E. col I B may be more s e n s i t i v e  t o  lower concentrat ions of ppGpp than  
those which a f f e c t  RNA polymerase.
L a g o s k y  and Chang ( 1 9 8 0 )  h a v e  r e c e n t l y  c o r r e l a t e d  t h e  
r e l a t i o n s h ip  between basal pool lev e ls  of ppGpp and RNA synthesis  In 
I L  col I (Hansen e t  a l . ,  1975) using an a n a ly t i c a l  procedure by which 
t h e  cel  I u I a r  I eve I s of ppGpp Is  observed  t o  be t h r e e  t o  f  I ve t l  mes 
t h a t  shown by the acid  e x t r a c t io n  procedures. They discovered t h a t  
RNA synthesis  responded s e n s i t i v e l y  t o  changes In the  ppGpp level In 
r e l A 1  and spoT1 c u l t u r e s  d u r i n g  a m i n o  a c i d  s t a r v a t i o n  and  
resupplementatlon.  I t  Is  not c l e a r  how t h i s  r e l a t e s  t o  the  apparent  
absence of  such an e f f e c t  on RNA s y n t h e s i s  In phase tw o  c u l t u r e s .  
The exper imental condit ions  d i f f e r e d  considerably  between t h e i r  study
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and t h i s  one: the  c u l t u r e  In the  r e c y c l in g  fermentor  Is  undergoing no 
abrupt,  exogenously Imposed t r a n s i t i o n  In growth r a t e  due t o  e i t h e r  
amino ac id  of energy d e f ic ie ncy  during phase two, and the  observat ion  
I n t e r v a l ,  2 2 - 2 4  h, Is  c o n s i d e r a b l y  lo n g er  than  t h e  3 h maximum 
I n t e r v a l  used by Lagosky and Chang ( 1 9 8 0 ) ,  o r  Indeed of  any o t h e r  
studies on c e l l  responses t o  changing ppGpp le v e ls  t o  date.
These o b s e r v a t i o n s  do n o t  e x p l a i n ,  how ever ,  why t h e  phase tw o  
level of ppGpp Is e leva ted  above the  basal level of the  exponential  
grow th  of  phase one. An I m p o r t a n t  c l u e  t o  u n d e r s ta n d in g  t h i s  
observat ion can be found In th e  r e p o r t  of Braedt and G a l l a n t  (1976).  
They s u b je c t e d  t h e  I s o g e n ic  s t r a i n s ,  NF161 and NF162 ( r e l A D ,  t o  a 
glucose t o  succ ln lna te  downshif t  and found t h a t  both ppGpp and cAMP 
a c c u m u la te ,  J u s t  t h e  s i t u a t i o n  observed  In  E. col  I B ce l  Is  pass ing  
f rom t h e  u n r e s t r i c t e d  c a r b o n -e n e r g y  grow th  o f  phase one t o  t h e  
g Iu c o s e  p r o v I  si  on r a t e  I ImI  t e d  grow th  o f  phase tw o  ( F I g u r e s  8 ,  9 ) .  
They found t h a t  the  parent  and the  r e lA  mutant accumulated maxima, 
re s p e c t iv e ly ,  o f  1.63 and 0.35 nmoles ppGpp mg“  ^ c e l l  dry weight  and 
2.25 and 5.25 nmoles cAMP mg""^  c e l l  dry weight  (c a lc u la te d  from t h e i r  
d a t a )  a f t e r  t h e  d o w n s h i f t .  The maximum a c c u m u la t i o n s  o f  ppGpp and 
cAMP t h a t  a r e  observed I n phase tw o  E. col  I B ce l  I s w e re  0.5 nmol es 
and 3.0  nmol es mg-  ^ ce l  I dry wel g h t ,  r e s p e c t  I ve l  y ,  s i  m 11 a r  t o  t h e  
l e v e l s  found In NF162 ( r e l  A1) ,  and c o r r o b o r a t i v e  o f  t h e  Re I A s t a t u s  
of our s t r a i n .
In both a glucose or succinate  downshif t  and In th e  t r a n s i t i o n  
f rom  phase one t o  phase tw o ,  t h e  gl ucose I evel  I n t h e  m 11 I eu f a l  I s
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bet ow the t ra n s p o r t  level of the  phosphotransferase (PTS) system, and 
s i n c e  a d e n y l a t e  c y c l a s e  becom es a c t i v e  c o n c u r r e n t  w i t h  t h e  
unsatura t ion  of the PTS system (Botsford,  1981),  the  Increased r a t e  
of production of  cAMP Is p re d ic ta b le  f o r  c e l l s  In e i t h e r  s i t u a t i o n .
The In te re s t in g  Im p l ic a t io n  from both t h i s  work and Braedt  and 
G a l l a n t ’ s r e s u l t s ,  however ,  Is  t h a t  some component of  t h e  ppGpp 
s y n t h e s i z i n g  system Is  a l s o  l i n k e d  t o  t h e  PTS sys tem,  becoming  
a c t i v a t e d  when t h e  PTS system becomes g lu c o s e  u n s a t u r a t e d .  S in ce  
t h e r e  I s  an I ncr  eased ppGpp a c c u m u la t l  on ln N F 1 6 2  ( r e l A 1 )  and I n E. 
col  I B (Re lA)  a t  t h e  t i m e  o f  PTS u n s a t u r a t i o n ,  I t  Is  I I k e l y  t h a t  I t  
Is e i t h e r  the  r e l X - r e l S ,  or spoT locus, or t h e i r  products, which are  
a f fe c te d .
The second peak In  cAMP s y n t h e s i s  seen a t  t h e  s t a r t  o f  phase  
th ree  (F igure  8) Is  not e x p l i c a b le  In the  same fashion since the  PTS 
system Is constant ly  In the  same s t a t e  of unsatura t ion  t h a t  I t  was a t  
the  commencement of phase two. I t  may be t h a t  the  depression of RNA 
s y n t h e s i s  a t  t h e  s t a r t  of phase t h r e e  I I b e r a t e s  ATP f o r  use In  cAMP 
synthesis .
An a l t e r n a t i v e  s e t  of  I m p l I c a t l o n s  a r i s e s  when a n a l y z i n g  t h e  
e f f e c t s  of a n u t r ie n t  u p s h i f t  In col I on macromolecular sy n th e t ic  
r a t e s ,  c e l l  d iv is io n  r a t e ,  and ppGpp le v e ls .
For exam ple ,  I m m e d ia t e l y  a f t e r  a f o u r - f o l d  u p s h i f t  In  phase  
t h r e e ,  t h e  g row th  r a t e  becomes f o u r  t i m e s  t h e  r a t e  o f  phase tw o  
ra th e r  than four t im es  t h a t  of phase th ree  (F igure  6 A, B), w h i le  the  
ppGpp level drops t o  about t h a t  of phase two. This Ind ica tes  t h a t  the
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ra te s  of the  major macromolecular syntheses are  not c o r r e la te d  w i th  
t h e  ppGpp le v e l  In phase 2 when I t  Is  below t h e  c r i t i c a l  l e v e l  t h a t  
Invokes phase th ree ,  probably t h i s  occurs through r e s t r i c t i o n  of rRNA 
synthesis.  As suggested a l ready ,  however, the  morphological changes 
ev ident  In phase two c e l l s  argue t h a t  the ppGpp leve ls  In t h a t  phase 
are  r e s t r i c t i n g  c e l l  e longat ion  and septum form at ion ,  probably a t  the  
enzyme l e v e l .  E l e c t r o n  m ic ro g ra p h s  ( F ig u r e s  17,  18) o f  t h e  many 
c e l l s  d i s r u p t e d  In t h e  s e p ta l  a rea  a f t e r  s t a r v a t i o n ,  s u p p o r t  t h e  
h y p o th e s is  t h a t  ppGpp Is  I n v o lv e d  w i t h  I n h i b i t i n g  c o m p l e t io n  of  
septum f o r m a t i o n  In  t h e s e  c e l l s ,  b r i n g i n g  about  an I n d e f i n i t e  
extension of  the  D period of the ce l l  cyc le  and postponement of c e l l  
d iv i s io n .
The In c r e a s e  In  t h e  r a t e  of  DNA s y n t h e s i s ,  a f t e r  an u p s h i f t  of  
E. col I B, lagged the  Immediate Increase In a l l  o ther  s y n th e t ic  ra tes  
and t h e  cel  I d i v i s i o n  r a t e  by a t  l e a s t  10 h. T h i s  Is  t h e  r e v e r s e  of  
t h e  s i t u a t i o n  u s u a l l y  observed In e x p o n e n t i a l l y  g ro w in g  c e l l s  
(Brunschede e t  a l . ,  1977) when th e y  a r e  s u b je c t e d  t o  an energy  o r  
temperature  u p s h i f t ,  where the  change In c e l l  d iv is io n  r a t e  lags the  
change In DNA s y n th e t ic  r a t e .  This has been In te rp re te d  t o  mean t h a t  
rounds o f  DNA s y n t h e s i s  underway when t h e  s h i f t  Is  made must be 
completed before the  r a t e  of c e l l  d iv is io n  can Increase (Loeb e t  a l . ,  
1 978) and t h a t  t h e  r a t e  of  c e l l  e l o n g a t i o n  Is  a l s o  f i x e d  f o r  t h e  
durat ion  of any d iv is io n  cyc le  once s ta r te d .  The DNA content per c e l l  
In phase th ree  (F igure  6 A, B, and Table  4) j u s t  p r io r  t o  u p s h i f t  was 
q u i t e  c l o s e  t o  t h a t  r e p o r t e d  by Tang and H e l m s t e t t e r  (1980)  In a
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t e m p e r a t u r e - s e n s  I f i v e ,  DNA-f n f t t a t f o n  m u tan t  o f  £». col  f P th e y  
accounted  f o r  t h e  DNA e n r ic h m e n t  In  t h e i r  c u l t u r e  as due t o  t h e  
presence of m u l t i p l e  chromosome forks. The DNA enrichment  In E. col 1 
B may be due t o  m u l t i p l e  f o r k s ,  or  due t o  t h e  presence of  m u l t i p l e  
c o p ie s  o f  f i n i s h e d  chromosomes, as e i t h e r  e x p l a n a t i o n  f i t s  th e  
hypothesis t h a t  during phase th ree ,  the  r e s t r i c t i o n  of e longat ion and 
septum format ion  by ppGpp causes the  accumulation of "primed s i te s "  
(S lo an  and Urban, 1976)  o r  a pr im ed c o n d i t i o n  f o r  ce l  I e l o n g a t i o n ,  
septum formation,  and c e l l  d iv is io n  whose p o te n t ia l  fo r  complet ion Is 
r e a l I z e d  I m m e d i a t e l y  a f t e r  t h e  u p s h i f t  reduces  t h e  l e v e l  o f  ppGpp 
below I n h i b i t o r y  c o n c e n t r a t i o n s  and p r o v id e s  c a r b o n -e n e r g y  a t  a 
higher  ra te .  E lectron micrographs f o l lo w in g  an u p s h i f t  (F igure  18),  
which revealed the presence of  doubly d iv id in g ,  or t r i p a r t i t e  c e l l s ,  
argue s t rongly  t h a t  envelope e longat ion  and septum formation acce l ­
e ra te  Immediately ,  w h i le  DNA synthesis  lags, probably completing the  
I + C sequence of  t h e  cel  I c y c l e  th e y  were  engaged In p r i o r  t o  t h e  
upsh i f t .  This  phenomenon may be s t r a i n  s p e c i f i c ,  since phase th ree  
cel  Is  o f  L  col  I H10407 become p r o g r e s s i v e l y  s m a l I e r ,  and do not  
n e c e s s a r l l y  accumuI a t e  excess  I v e  q u a n t  I t l e s  of  DNA ( E l f e r t ,  1 979)  
ve ry  s i m i l a r  t o  t h e  s i t u a t l o n  In  t h e  £ *  col I NF s t r a l n s  ( F i g u r e  15,  
T a b le  6 ) .
Growth of  B. po lymyxa b e f o r e  and a f t e r  an u p s h i f t  In  GPR, Is  
ve ry  much I I k e  t h a t  o f  col I as t h e  mol a r  g row th  y I el  d, Y, o f  fL. 
polymyxa In the  fermentor  Is Independent of the  s p e c i f i c  growth ra te ,  
y . Consequently,  th e  r e l a t io n s h ip  deduced by P I r t  (1965) t o  e x i s t  
between these q u a n t i t i e s  (and between Y, ATP, and y ) fo r  chemostat
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growth (equat ion 1), which Is commonly used t o  eva lua te  maintenance  
energy demand a g a in  can not  be used f o r  t h i s  purpose.  Becauseu  
decreases cont inuously In the  re c y c l in g  fermentor  In phases two and 
th re e ,  w h i le  Y Is  constant  w i t h in  each phase, such a p lo t  has a slope  
o f  z e r o ,  making t h e  m a in te n a n c e  c o e f f i c i e n t  z e r o ,  and Y and Ymax 
equal. This  Is the  same s i t u a t i o n  t h a t  e x is t s  In E±. col 1 (Chesbro e t  
a l . ,  1979j  A r b lg e  and Chesbro, 198 2 ) ,  as t h e  m a in te n a n c e  energy  
demand r a t e  as d e f i n e d  In  e q u a t i o n  1,  Is  Independent  o f  ce l  I mass 
w i t h i n  e i t h e r  phase tw o  o r  t h r e e ,  r a t h e r  th an  dependent  on I t  as 
postu lated In t h a t  fo rm u la t ion .
The mol a r  g row th  y i e l d  I n pol ymyxa changes a b r u p t  I y a t  t h e  
t r a n s i t i o n  p o i n t  between phases tw o  and t h r e e  a t  th e  same t i m e  t h e  
e f f e c t s  of th e  s t r in g e n t  response appear,  as I t  does In col 1. The 
v a lu e s  o f  Y drop In phase tw o  from a v a l u e  near  t h a t  of  e x p o n e n t i a l  
grow th  t o  a lo w e r  v a l u e  In  phase t h r e e .  S t r i n g e n t  r e g u l a t i o n  I s ,  
thus, a maintenance energy demand exa c t ly  as t h i s  concept Is def ined  
through  e q u a t io n  1,  I . e .  as a r e d u c t i o n  In  Y c o n c u r r e n t  w i t h  t h e  
onset of the demand. More s p e c i f i c a l l y ,  I t  Is the  consumption of ATP 
which does not lead t o  a net  Increase In biomass.
Two d e f i n i t io n s  of  maintenance energy  d e r i v e d  f rom d i f f e r e n t ,  
b a s ic  c o n s i d e r a t i o n s  a r e  In  gen era l  use. By one d e f i n i t i o n ,  
maintenance energy is the  energy demand associated w i th  m a in ta in ing  
t h e  c e l l  In a f u n c t i o n a l  and v i a b l e  c o n d i t i o n  (Dawes and Ribbon,  
196 4 ) ,  and by a second d e f i n i t i o n  I s  t h e  energy  u t i l i z e d  In  t h e  
s y n t h e s i s  o f  new ce l  I m a t e r i a l .  N e l j s s e l  and Tempest  (1976)  have
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ex+ended d e f i n i t i o n  one t o  Include energy s p i l l i n g  reac t ions .  When 
c e l l s  a re  nutr  I ent -11 m 1 ted by other  than the  energy source, I .e.  a re  
In energy  exc ess ,  th e y  s p i l l  energy  In  m e t a b o l I t e  o v e r f  I ow, f  u t I I e  
cycles,  and o ther  overload modulating reac t io n s ,  ra th e r  than reduce 
t h e i r  c a ta b o l i c  a c t i v i t y .
These a u t h o r s  p o in t e d  o u t  t h a t  by l e a v in g  t h e  c a p a b i l i t y  f o r  
d i s s i m i l a t i o n  una ltered In such condit ions ,  the  populat ion mainta ined  
a po ten t ia l  fo r  going Immedia te ly  t o  a f a s t e r ,  or t o  a maximum growth 
r a t e  I f  the  n u t r i e n t  l i m i t a t i o n  was removed. The energy thus s p i l l e d  
could be considered energy t o  mainta in  the  c e l l s  growth p o t e n t i a l .
Energy used both In sus ta in ing  c e l l u l a r  v i a b i l i t y  and populat ion  
growth po ten t ia l  resolved the  problem of  c l a s s i f y in g  costs  of  such 
processes as chemotaxls and m o t i l i t y ,  costs proposed as maintenance  
energy c o s ts  bu t  d i f f i c u l t  t o  c o n n ec t  w i t h  m a in te n a n c e  o f  c e l l  
I n t e g r i t y  (Dawes and Ribbons,  1964) .  These proce sses ,  however ,  
c l e a r l y  mainta in  growth po te n t ia l  by moving c e l l s  from less favo rab le  
envIronments.
Another  b a s is  f o r  d e f i n i n g  m a in te n a n c e  energy  Is  th rough  
comparisons of growth y i e l d  (Y) when the growth r a t e  Is  va r ied .  The 
d i f f e r e n c e s  between t h e  energy  r e q u i r e d  t o  produce a u n i t  o f  ce l  I 
mass per u n i t  t i m e  when Y has a maximum v a l u e  and t h e  energy  
s i m i l a r l y  r e q u i r e d  when Y has some s m a l l e r  v a l u e ,  I . e .  when more 
energy Is  used In processes  not  y i e l d i n g  more b iom ass ,  has been 
In fe r re d  t o  represent  th e  same energy of maintenance t h a t  Is required  
t o  mainta in  c e l l  v i a b i l i t y  and populat ion growth p o t e n t i a l .
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Ass urn Ing then t h a t  a l l  processes which use energy, w i thou t  a net  
I n c r e a s e  In  b iom ass,  a r e  m a in te n a n c e  f u n c t i o n s ,  In t h a t  they  
c o n tr ib u te  t o  m a in ta in ing  e i t h e r  c e l l  I n t e g r i t y  or growth p o t e n t i a l ,  
I t  Is s u rp r is in g  t o  f in d  l i t t l e  or no In fo rm at ion  concerning the  cost  
of making r e g u l a t o r y  n u c l e o t i d e s .  S to u th am er  ( 1 9 7 9 ) ,  however ,  d id  
s p e c u l a t e  t h a t  t h e  energy  demand o f  t h e  s t r i n g e n t  response was a 
maintenance cost,  through a t h e o r e t ic a l  an a ly s is  of  energy s p i l l i n g  
mechanisms. This a n a ly s is  would seem t o  Include the  cost of making 
a l l  reg u la to ry  nuc leo t ides ,  I . e .  cAMP.
The resu  I t s  w I t h  £L. pol ymyxa. us I ng t h e  c o n v e n t io n  o f  te rm  I ng 
energy not producing new growth, maintenance energy, In d ic a te  t h a t  
t h e  c o s t  o f  p r o d u c t i o n  and s u s t a i n i n g  t h e  le v e l  of  r e g u l a t o r y  
nucleot ides  necessary t o  the  s t r in g e n t  response In phase th re e  c e l l s  
Is  approximately  95? of  th e  maintenance energy demand of these c e l l s ,  
w h i le  e x c re t io n  and/or  a u t o l y t l c  re le a s e  of nuc le ic  ac id  components 
and p r o t e i n  accounted  f o r  a f u r t h e r  8 - 1 1 $  o f  t h e  demand. I f  £L  
pol ymyxa Is  s i m i l a r  t o  E. col  I In  t h a t  5 1 - 5 8 $  o f  I t s  m a in te n a n c e  
energy demand Is  a s s o c i a t e d  w i th  membrane en e rg iz a t io n  (Stouthamer  
and Bettenhaussen, 1977) than these th re e  costs can account f o r  68 t o  
78$ of  the  maintenance energy demand In phase th re e .
The c o s t  of  t h e  s t r i n g e n t  respo nse ,  In a d d i t i o n  t o  be ing  an 
energy cost which does not produce growth, a lso  can be def ined as an 
energy c o s t  t h a t  m a i n t a i n s  t h e  c e l l  In  a f u n c t i o n a l  and v i a b l e  
condl  t l  on. Th I s Is  seen I n t h e  g row th  behav I o r  o f  both EL. pol ymyxa 
and JL. col  I f o l l o w i n g  a f o u r - f o l d  u p s h i f t  In phase t h r e e .
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The o ve ra l l  growth r a te s  Immediately re tu rn  t o  growth ra te s  possessed 
50-70 h e a r l i e r  a t  th e  s t a r t  of phase two, ra th e r  than a m u l t i p l e  of  
the  growth r a t e  I t  had Immediate ly  proceeding the upsh i f t -  Thus, the  
c e l l s  anabol ic  p o te n t ia l  was conserved during the  period of extremely  
slow g ro w th .  O 'F a r r e l  I (1978 )  has p o i n t e d  o u t  one o f  t h e  most  
I m p o r t a n t  consequences t o  t h e  cel  I o f  t h e  s t r i n g e n t  response .  The 
response Is  essent ia l  t o  preservat ion  of the  f i d e l i t y  of t r a n s l a t i o n  
d u r In g  am I no a c l d  or  energy d e f I  c l e n c y  c o n d I t l o n s  under whIch r e  I 
mutants lose v i a b i l i t y  more r a p id ly  than do r e l + s t r a in s .  Thus, the  
response  co n serves  both ce l  I v i a b i l i t y ,  when I n v o l v e d ,  and grow th  
p o t e n t i a l .  By a n a lo g y  w i t h  t h e  p re m is e  o f  N e l j s s e l  and Tempest  
(1976) th e  cost of  th e  s t r in g e n t  response can then be categor ized as 
energy expended t o  mainta in  anabo l ic  p o t e n t i a l .
The k l n e t  I c s  o f  s t a r v a t i o n  In iL. col  I B para  I l e i  responses of  
phase t h r e e  cel  I s  o f  col 1 B t o  T^ v i r u s  I n f e e t  I on (Evans,  1 978 ) ,  
where a p o r t i o n  o f  t h e  p o p u l a t i o n  ( 2 5 - 3 0 $ )  I m m e d ia t e l y  d ie s  a f t e r  
each t r e a t m e n t ,  w h ich  Is  th e n  f o l l o w e d  by a 10 h s t a g n a n t  p e r io d .  
A f t e r  t h i s  p e r io d  o f  c o n s t a n t  v i a b i l i t y ,  a second wave o f  death  
reduces  t h e  p o p u l a t i o n s '  v i a b i l i t y  by g r e a t e r  than  90$.  The most  
obv ious  e x p l a n a t i o n  f o r  t h i s  phenomenon I s  seen In  t h e  e l e c t r o n  
micrographs of  downshifted c e l l s  (Figures 17, 18). The f i r s t  wave of 
death seems t o  be due t o  a loss  o f  ce l  l - h u l  I I n t e g r i t y  by cel  Is  In 
t h e  s e p t a t l o n  phase o f  t h e  cel  I c y c l e  (D p e r i o d ) .  S in c e  30$  of  t h e  
population dies,  I t  I s  l i k e l y  t h a t  t h i s  por t ion  of the  populat ion Is 
In the  D period, and must remain th e re  fo r  a s iz e a b le  f r a c t i o n  of the
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b e t t e r  th an  100 h d i v i s i o n  t im e s .  The r e m a i n in g  p e r io d  o f  death  
appears t o  be due t o  th e  same cause, as th e  surv iv ing  c e l l s  can enter  
the sep ta t lon  phase of the  c e l l  cyc le  using any energy re leased from 
the  f i r s t  wave of b a c te r ia l  l y s fs .
Growth c h a r a c t e r i s t i c s  o f  Y e r s i n i a  p e s t l s  In t h e  r e c y c l i n g
fermentor,  d is regard ing  the  apparent absence of  an exponential  growth
period,  resemble those of JL. col I and B. polymyxa In t h a t  fo l lo w in g  a
p e r io d  o f  l i n e a r  g r o w th ,  a p e r io d  o f  s l o w e r  l i n e a r  g row th  appears
where RNA s y n t h e s is  I s  depressed ( F i g u r e  2 3 ) .  T h is  l a s t  p e r io d  of
l i n e a r  g row th  re s e m b le s  phase t h r e e  In  I t s  e n t i r e t y  ( T a b l e  12) .
C h a rn e tz k y  and B ru b aker  (1982 )  have r e c e n t l y  r e p o r t e d  t h a t  when X*.
p e s t l s  s t r a i n  EV76 I s  s t a r v e d  f o r  c a lc iu m  a t  37°C ,  t h e r e  Is  a
reduction In the  t r a n s c r i p t i o n  of s ta b le  RNA synthesis which Is  not
mediated by Increased l e v e l s  of  guanoslne  t e t r a  or  pen tap hospha te .
In t h i s  r e p o r t ,  they  d e m o n s t r a te  t h a t  upon s t a r v i n g  t h e  c e l l  f o r
c a l c i u m ,  a sm a l I  I n c r e a s e  In guanos lne  t e t r a p h o s p h a t e  ensues,  but
t h a t  a much l a r g e r  a c c u m u la t io n  o f  guanos lne  t e t r a p h o s p h a t e  Is
94*e v i d e n t  when t h e  cel  I I s  s t a r v e d  f o r  p h e n y l a l a n i n e .  In t h e  Ca -  
deprived c e l l s ,  ppGpp leve ls  were maintained f o r  over 1 h before  and 
1 h a f t e r  the  a l t e r a t i o n s  In RNA synthesis ,  but no a t tem p t  was made 
t o  a n a l y z e  RNA s y n t h e s i s  In  t h e  amino a c i d  s t a r v e d  c u l t u r e .  The  
authors f e l t  t h a t  the  delay In RNA r e s t r i c t i o n  and the  lower leve ls  
of ppGpp In th e  Ca^+-d ep r lved  c e l l s ,  was evidence enough t o  conclude 
t h a t  t h e  g row th  r e s t r i c t i o n  was n o t  a r b i t r a t e d  by (p)ppGpp. I f  a 
drop In RNA s y n t h e s i s  was d e la y e d  by 1 h In  t h e  amino a c i d  s t a r v e d
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c u l t u r e ,  though, the conclusions reached would seem t o  be I n v a l i d .
The o n s e t  of  phase t h r e e ,  c o n c u r r e n t  w i t h  t h e  c u r b in g  o f  RNA 
a c c u m u la t io n  Is  und oubted ly  m e d ia te d  by guanos lne  t e t r a p h o s p h a t e  
(A r b lg e  and Chesbro,  198 2 ) .  I t  I s  a p p a r e n t  th e n  t h a t  Y. p e s t  I s . a t  
l e a s t  In t h i s  energy l i m i t i n g  s i t u a t i o n ,  does r e g u la te  the synthesis  
of RNA and biomass through the  production of t h i s  specia l  n u c leo t ide .
The decision t o  use n a l i d i x i c  ac id as an "SOS" Inducer In phase 
th ree  c e l l s  of E*. col I was both fo r tu n a te  and unfortunate .  N a l i d i x i c  
a c id  Is  a s p e c i f i c  I n h i b i t o r  o f  DNA s y n t h e s is  In  p r o l i f e r a t i n g  
c u l t u r e s  ( B a u e r n fe ln d  and Grummer, 19 6 5 ) ,  bu t  n e i t h e r  I n h i b i t s  DNA 
polymerase 1, endonuclease 1, or exonucleases 1, 11, and 111 from E. 
col  I ( P e d r l n l  e t  a l . ,  1972 ) .  In a d d i t i o n  t o  I n h i b i t i o n  o f  DNA 
synthesis ,  s ing le -s tranded  breaks accumulate In the  DNA (McDaniel e t  
a l . ,  197 8 ) .  More s p e c i f i c a l l y ,  n a l l d l x a t e  b lo c k s  t h e  n i c k i n g  and 
clos ing a c t i v i t y  of the  nalA gene, a component of DNA gyrase, which 
In  t u r n  leads t o  I n h i b i t i o n  o f  DNA s y n t h e s i s  ( C o z z a r e l l l ,  1980 ) .  
I m p o r t a n t  f e a t u r e s  o f  t h e  drug a r e  t h a t  I t s  e f f e c t s  a r e  t o t a l l y  
r e v e r s ib le ,  and I t  can be d i lu t e d  out of the  system (Guds and Pardee,
1976). Some other c h a r a c t e r is t i c s  of t h is  compound, which proved t o  
be p r o b l e m a t i c  t o  t h i s  s tu d y ,  In c lu d e d  I t s  a b i l i t y  t o  I n h i b i t  
t r a n s c r i p t i o n  (G om ez-E lche lm ann ,  1981 ) ,  g row th  o f  b a c t e r io p h a g e s  
( B a i r d  e t  a l . ,  1 9 7 2 ) ,  and co lony  f o r m in g  a b i l i t y  (M cD an ie l  e t  a l . ,
1978). N a l i d i x i c  ac id  has a lso  been used t o  def ine  the  l in k  between 
I n h i b i t i o n  o f  DNA s y n t h e s i s  and c e l l  d i v i s i o n  (M lyakaw a  e t  a l . ,  
1 9 8 0 ) ,  as I t  b lo c k s  DNA s y n t h e s i s  Im m e d ia t e l y ,  b u t  does not  a f f e c t
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t h e  o c c u r re n c e  of  cef  I d i v i s i o n  In D p e r io d  cel  Is  (Donach le  e t  a l . ,  
1971) .
The drop In c e l l u l a r  enzyme lev e ls  a f t e r  a n a l i d i x i c  ac id  pulse  
In phase th ree  (F igures 25, 28,  30) ,  does not appear t o  be the  r e s u l t  
o f  an I n h i b i t i o n  o f  t r a n s c r I p t I  on, s in c e  t h e  enzymes w ere  p u l s e -  
induced and t h e  p u ls e  has long s i n c e  l e f t  t h e  system as I s  e v i d e n t  
by f i l t r a t e  I n d o l e  l e v e l s .  C e l l  bound t ry p to p h a n a s e  and 13- 
gal a c t o s l  dase decay,  f o l l o w i n g  t h e  n a l t d l x a t e  p u ls e ,  does n o t ,  
however ,  prove  t h a t  t h e  recA p r o t e i n ,  a p r o t e a s e ,  Is  e i t h e r  
r e s p o n s i b l e  f o r  t h e  decay o r  was undergo ing  s i m i l a r  d e g r a d a t io n .  
Anal ogous e x p e r t  ments us I ng a recC m u ta n t  o f  £*. col  I I ncapab I e of  
producing a funct iona l  exonuctease V, would d isc lose  the l in k  between 
recA p r o t e i n  and enzyme d e g r a d a t io n ,  s in c e  nal I d l x l c  a c i d  does not  
Induce the production of recA pro te in  In these mutants, although DNA 
s y n t h e s is  Is  I n h i b i t e d .  R e g a rd le s s  of  w h e th e r  or  no t  t h e r e  Is  a 
d i r e c t  l in k  between the  two, the  phenomenon does e x i s t  and deserves 
fu r th e r  study.
The Increase In colony forming u n i ts  a f t e r  n a l l d l x a t e  t re a tm e n t  
(F igure  26) undoubtedly represent  the  number of c e l l s  In the  process 
o f  septum f o r m a t i o n .  An I n c r e a s e  In  c e l l  v i a b i l i t y  was noted by 
McDanie l  e t  a l .  (1978 )  f o l l o w i n g  t h e  exposure  of  recA + c e l l s  t o  
nal I d l x l c  a c i d ,  b u t  no such In c r e a s e  was obv ious  In recA m u tan ts .  
The o b s e r v a t  I on I s f u r t h e r  s u p p o r te d  by t h e  d a ta  I n Tab I e 11 which  
I nd I c a t e  t h a t  approx  I mate I y 30/6 o f  phase t h r e e  cel  I s a r e  In  t h e  D 
period. This Is not t o  suggest t h a t  t h i s  method of  res idual  d iv is io n
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1s w i t h o u t  e r r o r ,  s i n c e  septum f o r m a t i o n  may n o t  be c o m p l e t e l y  
b locked  by c h lo r a m p h e n ic o l  a d d i t i o n ,  due t o  t h e  presence  o f  poo ls  
of t h e  r e q u i r e d  p r o t e l n ( s ) .  In t h i s  s i t u a t i o n  some ce l  Is  In t h e  C 
period might escape the  block and values of D would be overest imated.
The d e c l i n e  In co lony  f o r m in g  u n i t s  a f t e r  t h e  r i s e  Is  not  
exp I I c a b l e  In  t h e  same way. I t  has been show n t h a t  col ony form I ng 
a b i l i t y  d ec re ases  In  t h e  p resence  of  n a l l d l x a t e  (McDanie l  e t  a l . ,  
1 97 8 ) ,  and p o s s I b I y  t h e  I eve Is  w ere  not  t o t a l l y  d l l u t e d  o u t  I n t h e  
p la t in g  sequence of these c e l l s .  More l i k e l y ,  however, Is t h a t  the  
newly d i v i d e d  d a u g h te r  c e l l s  w ere  s u s c e p t i b l e  t o  t h e  s t r i n g e n t  
condit ions of  phase th re e ,  and rendered non-v lab le ,  possibly through 
a weakening of th e  c e l l  hul l  components.
RecA p r o t e i n  Is  s e e m in g ly  produced and a c t i v e  In phase t h r e e  
c e l l s ,  as I s  e v i d e n t  t h r o u g h  t h e  I n c r e a s e d  s y n t h e s i s  o f  13- 
gal actosl  dase f o l lo w in g  a n a l l d lx a t e  pulse In s t r a in  ATCC3311 which 
c o n t a i n s  a IacZ gene fused  t o  an operon under lambda r e p r e s s o r  
c o n t r o l  ( F i g u r e  2 8 ) .  In t h i s  s i t u a t i o n ,  however ,  t h e  t r u e  enzyme  
leve ls  a re  presumably much higher  as n a l i d i x i c  ac id  Is  probably both 
p a r t i a l l y  I n h i b i t i n g  t r a n s c r i p t i o n  o f  t h e  enzyme,  and enhanc ing  
d e g r a d a t i o n  s i m u l t a n e o u s l y .  T h i s  becom es a v e r y  Im p o r t a n t  
observat ion ,  as s t r a in s  of t h i s  type are  used fo r  screening p o ten t ia l  
c a r c i n o g e n i c  and c a r c l n o s t a t l c  ag e n ts  (E le s p u ru  and Y a r m o l I n s k y ,
1979) .  I f  o t h e r  ag e n ts  t h a t  damage o r  d i s t o r t  DNA In  h ig h e r  
org an ism s  have t h e  same d e g r a d a t l v e  e f f e c t s  on t h e  "screened  
enzyme", then many hazardous compounds would escape detect ion  by t h i s
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method.
The Increased r a t e  of B -ga lac tos ldase  synthesis  seen a f t e r  the  
n a l l d l x a t e  pulse has l e f t  the  system, does In d ic a te  though t h a t  once 
the  "SOS" system Is turned on In these slow growing c e l l s ,  I t  remains  
on In a t  l e a s t  sane of the  c e l l s  f o r  a very long t ime.
The burst  of lambda phage f o l lo w in g  a n a l l d l x a t e  pulse (F igure  
29) again provides evidence t h a t  an a c t i v e  RecA p ro te in  Is  produced 
In phase th ree .  The I n a b i l i t y  t o  de tec t  large numbers of v i r u s  was 
most I I k e l y  due t o  a c o m b in a t io n  of  a d s o r p t i o n  and a reduced b u r s t  
s i z e  as r e p o r t e d  by Ba I rd  e t  a I . (1 972) when he t r e a t e d  ce I I s w I th  
n a l i d i x i c  ac id .  Through t h i s  experiment ,  however, I t  become apparent  
t h a t  a maximum of  3856 o f  t h e  ce l  Is  In  t h i s  phase t h r e e  p o p u l a t i o n  
produced an a c t i v e  recA p r o t e i n ,  as al I cel  Is  which r e l e a s e  v i r u s  
shou ld  be d e s t r o y e d .  A p u ls e  o f  MMNG, though,  a f f e c t s  t h e  c e l l s  
very d i f f e r e n t l y ,  as colony forming u n i ts  and biomass lev e ls  f e l l  o f f  
s h a r p l y ,  r e f l e c t i n g  s u b s t a n t i a l  l y s i s  o f  t h e  p o p u l a t i o n .  These  
d i f f e r i n g  k i n e t i c s  add proof t h a t  n a l l d l x a t e  a f f e c t s  only a c e r t a in  
p o r t i o n  o f  t h e  phase t h r e e  p o p u l a t i o n  ( p o s s i b l y  C p e r i o d  c e l l s ) ,  
wh 11 e t h e  al ky I a t l  ng a g e n t ,  N-methy I - N f- n  I t r o s o g u a n I  d I ne has less  
c e l l  cyc le  s p e c i f i c i t y  and can Induce RecA In th e  whole populat ion .
The l o n g e v i t y  o f  RecA, once Induced,  co u ld  not  be e x a c t l y  
determined through these exper iments,  but th e  Increased r a t e  of B- 
gal a c t o s l d a s e  s y n t h e s i s  ( F i g u r e  28 )  seen hours a f t e r  RecA had been 
Induced a rgues  t h a t  11 I s  I ong-1 Ived .  F u r t h e r m o r e ,  I f  t h e  p r o t e i n  
b e h a v e s  l i k e  B - g a I a c t o s I d a s e  o r  t r y p t o p h a n a s e ,  I t s  r a t e  o f
-1 4 4 -
d e g r a d a t io n  would  be v e ry  slow Indeed.  Evans (1978 )  noted t h a t  13- 
gal actosl  dase had a blmodal p a t te rn  of  degradation, where the  I n i t i a l  
loss  o c c u r re d  a t  a much f a s t e r  r a t e  than  t h e  l a t t e r .  T h i s  argued  
t h a t  B - g a l a c t o s l d a s e  may be a p r o t e i n  whose d e g r a d a t io n  Is  energy  
dependent ,  or  t h a t  tw o  s p e c ie s  o f  B - g a I a c t o s I d a s e  e x i s t ,  p o s s ib ly  
per!p i  asmIc enzyme versus cytoplasmic enzyme. Tryptophanase on the  
o t h e r  hand appeared  t o  be an e x t r e m e l y  s t a b l e  enzyme,  whose l e v e l  
once s t a b i l i z e d  remained r e l a t i v e l y  una ltered fo r  up t o  40 h (F igure  
2 8 ) ,  a r g u in g  a g a in  t h a t  breakdown of t h i s  p r o t e i n  m ig h t  be energy  
dependent.
I f  e i t h e r  B-ga I a c t o s  I dase o r  t ry p to phana se ,  whose pa t te rns  of  
degradat ion are somewhat d i f f e r e n t ,  a re  a r e l i a b l e  Index of p ro te in  
loss In these energy l im i t e d  c e l l s ,  then RecA would be very s ta b le  In 
t h i s  system.
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